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-  The  result*  of  a  rsnesrch  study  ar*  presented  for  the  comparison  a  .to  verifiur- 
tlon  of  methods  of  fatigue  life  prediction  suitable  for  handling  tho  complex 
problems  encountered  In  th#  design  er*i  operation  of  modern  oircrtft.  A  goner  el 
^  introduction  to  the  problems  of  airfresm  fatigue  analysis  is  givon  from  the 

overall  viewpoint  of  a  system  of  ceeign,  development  testing,  ana  interpreter 
tion  of  fleet  service .history  to  maintain  a  necessary  tomia.-wtiv*  bank  frr 
relating,  a  practical  fat.-gue  life  p  redid  ion  method  to  ■ipiuati'’- ui  ret  alts, 
i  prom  *  study  of  t'tM-y  proposed  fatigue  life  prediction  .letLouu  te:>  of  th* 

procedures  war*  rncsen  for  evsluatioh  numerically  w.th  a  group  of  e>i vo, ut y -eight 
■  complex  t^.  'Ci  re.l  test  results  representing  >•.  j  rox.iuhioly  into  Individual  specuier*. 
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*)  procedures.  Craarec  spectral  fatigue  tost  cite  fre;;  then  m.  :■  type  coupon*  were 

*  utilized  frdm  another  concurrent-  kiSD  fatigue  repti.irch  ■•Ut’verj.  New  magnetic 
■  tiiptf  conttolloc  fatigue  teat  machine*  ware  util.v.e-d  '•w  t|.  ly  ’i-iplli  spectra  of 
gust  *  mtt.ouver,  ground,  composite  spectre  of  fltf/.t  t.ust ,  grow.  t«*l,  and  gro<*nd- 
airipround  trur.eiticns  at-o  ccmposita  speitra  of  flight  wnouv*.  ,  grouua  taxi,  uiid 
ground -a  lr*£tv.u.u  transitions,  a  aeiie*  of  spoci  uns  >!  a  comj  xox  jo.tut  were  also 
» 1  s, #*e.i.r^jw;;thAMA*ure  simple  ordered  gust,  ann  man* over  i^aotra,  anu  to  the 
*r*<^»wsiMiii>re^'ii''k5^V^eisM^ji|^auat »  ground  taxi,  ane  *;rcui>d-air-brour.d  transition 
vtW4.MShts'#pv.«t.tv  £ht  maneuver,  gicunc  taxi,  anu  grounc-eir-groand 

cycles,  au.  to  composite  fli  mt*  analysed. by  the  ..tiectco  prooeoures  to  confirm 
•  transition  ,>ei«s.  These  u*  *c  i«pibving  ths  selected  fatigue  life  prediction 
or  provide  i-.  ;i:.<altle  mean*  . 
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SECTION  I 


INTRODUCTION  AND  BACKGROUND 


The  problem  of  the  fatigue  of  air  frame  structures  ia  of  Tital  importance  not 
only  to  tho  operators  of  both  military  and  commercial  aircraft  but  also  to  the 
designers*  The  importance  of  fatigue  of  the  airframe  has  been  well  recognized 
by  the  military  and  industry  for  many  years*  However,  tho  complexities  involved 
have  successfully  defied  satisfactory  solution  in  spite  of  the  massive  effort, 
time,  and  expense  which  have  beon  invested  in  fatigue  research  in  past  years* 

In  addition  to  the  operational  problems  on  current  aircraft,  future  trends  to 
high  performance  VTGL/STOL  and  spacecraft,  with  thoir  acutely  more  oritioal 
weight  problems,  foretells  even  greater  urgency  of  reaching  a  practical  solu¬ 
tion  cf  the  "fatigue  problem*1* 

A  satisfactory  analytical  solution  for  the  problem  of  fatigue  life  predic¬ 
tion  has  eluded  the  intense  efforts  of  some  of  tho  best  scientists,  enginoers  . 
and  research  specialists  for  the  past  130  years.  This  is  so  beoauss  of  ths 
Immense  number  of  variahlos  involved,  the  statistical  qualities  of  nature, 
and  the  inheront  limitations  of  the  analytical  achievements  in  detail  stress 
analysis,  impressivo  as  these  are*  Progress  is  being  made  in  the  area  of  ths 
.  statistical  definition  of  the  extomal  loading  environment,  and  in  the  area 
of  the  definition  of  tho  material  resistance  to  fatigue  cracking  under  complex 
loading  environments. 

There  is,  however,  a  most  important  middle  area  between  these  two  which  ia  the 
orux  of  the  whole  problem  of  fatigue  life  prediction*  This  area  ia  that  con¬ 
cerned  with  tho  definition  of  a  "fatigue  quality*'  as  a  property  of  complex, 
composite  structure.  ’The  analytical  assessment  of  this  key  property  of  a 
complex  structure  is  fraught  with  the  most  formidable  of  difficulties,  Tho 
purely  analytical  approach  offers  nc  immediate  fruitfulness.  This  is  not  to 
imply  neglect  of  thi3  area,  rather,  that  the  solution  must  be  pursued  with 
vigor}  but  the  primary  approach  must  be  experimental,.  Some  of  the  reasons 
for  this  statement  are  as  follows* 

a*  Joint  friction  and  its  attendant  nonlinear  slippage  characteristics  is 
iiighly  unpredictable  and  nonropoatable* 

b.  Local  plastic  yielding  at  points  of  high  stress  concentrations  with 
resulting  residual  stresses,  and,  for  some  materials,  the  changing 
work  hardening  proper  ties,  is  too  complex  a  process  to  expect  ana¬ 
lytical  solutions  to  follow  clearly  the  path  through  inirioato  sorvico 
histories. 

c*  Fretting  and  fretting  corrosion  can  create  unpredictable  stress  con¬ 
centrations  which  often  compound  with  normal  design  concentrations. 

d.  Repairs,  reconstruction,  and  accidental  damage  place  unforeseen  and 
unpredictable  fatigue-critical  areas  in  the  structure* 

e*  The  micro-detailed  geometrical  stress  analysis  required  at  the 
multitudinous  points  in  a  complex  structure  is  as  yet  beyond  ths 
capabilities  of  the  modern  analyst* 

Manuscript  released  by  the  authors  21  August,  19&L  for  publication  as  an  ASD 
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Tim  and  complexity  preclude  reliance  on  purely  analytical  solutions  which 
would  realistically  encompass  those  variables. 

Art  Important  distinction  must  be  made  between  various  stage*  of  the  eortsrnel 
loads  and  stress  analysis  of  a  complex  structure  and  a  theory  of  fatigue 
damage.  It  la  a  process  of  definitive  stress  analysis  that  is  required  to 
define  the  complex  stress  history  at  s  eritloal  po,.*t  in  the  structure.  It 
is  a  presses  of  fatigue  damage  that  defines  the  formation  of  a  crack  in  s 
critical  point  in  the  structure  as  a  function  of  the  definitive  stress  history, 

Even  if  s  perfect  fatigue  damage  theory  were  available  tho  fatigue  life  pre¬ 
diction  problem  would  not  be  solved  until  the  stress  analysis  problem  In  also 

■dived* 

s  '  ’  '  . 

However*  the  problem  of  fatigue  life  prediction  is  amenable  to  solution  in 
spite  of  all  the-  difficulties  cited.  This  solution  makes  use  of  analytical 
formulations  where  feasible*  and  supported  by  the  n  roper  kind  of  laboratory 
.  fatigue  testing;  and  field  service  comparisons*  a  reasonably  good  job  may  be 
accomplished*  consistent  with  the  uncertainties  which  will  always  be  Inherent 
in  the  definition  of  the  extornal  basic  loads, 

.  * 

It  must  be  recognised  from  the  outset  that  the  development  of  fatigue  oracks 
in  metal  is  a  statistically  random  process,  Ths  loads  and  stresses  in  the 
airframes  of  individual  aircraft  are  subject  to  ertremely  wide  variations. 

Many  of  the -operating  variables  are  boyond  direct  control.  The  integrated 
influence  of  all  these  variables  yields  a  large  scatter  of  results.  Thus 
it  cannot  be  expected  to  precisely  prodict  the  fatigue  life  of  a  single  article* 
Life  Insurance  companies  with  the  best  facilities  and  statisticians  do  not  yet 
attempt  to  predict  the  life  span  of  a  single  'individual  however  well  their 
prediction  holds  for  a  large-enough  population, 

A  considerable  background  of  successful  service  history  on  other  aircraft 
models  can  provldo  a  basis  for  significant  comparisons,  'Then  coupled  with 
this  foundation  of  service  history*  and  with  judicious  testing  of  critical 
areas  of  the  structure*  it  Is  possible  to  develop  a  system  which  has  good 
potential  of  achieving  fatigue  quality  control  as  well  as  reasonable  predicta¬ 
bility  of  fatigue  life. 


The  objectives  of  this  research  study  are  as  follows  t 

1.  To  review,  oospore  and  evaluate  proposed  methods  of  fatigue  life  prediction 
suitable  for  application  to  the  special  problems  of  airframe  structure. 

2.  To  provide  experimental  fatigue  life  data  of  constant  load  amplitude  S-H 
type  for  use  in  evaluating  selected  prediction  methods. 

3*  To  provide  experimental  fatigue  life  data  under  complex  loading  speotra 
representative  of  realistic  airfrane  loading  history  en  both  coupon-type 
specimens  and  on  specimens  of  a  oocaplex  Joint  representative  of  contemporary 
airframe  construction* 

tu  From  an  analysis  of  the  new  experimental  data  to  verify  the  adequacy  or 
provide  s  possible  improvement  in  the  selectod  fatigue  life  prediction 
method. 


PUN  OF  TBS  STUDY 


This  research  program  was  organised  into  three  basic  phases  to  meet  the  stated 
objectives i 

Fbase  I, 

•  ' 

A  study  of  proposed  methods  for  the  prediction  of  fatigue  life  waa 
made  and  those  suitable  for  application  to  the  problems  of  airframe 
fatigue  were  selected  for  evaluation  using  available  published  data. 
This  portion  is  diaeussed  in  Sections  I  through  III  and  Appendices- 
A>  By  and  C. 

Phase  IX. 

Experimental  fatigue  data  wore  generated  to  provide  additional 
verification  or  a  basis  for  the  improvement  of  selected  methods 
of  fatigue  life  prediction  under  loadings  more  realistic  of  air¬ 
frame  environment  than  was  previously  available.  These  data  are 
_  described  in  Appendix  Bi 

Phase  III.  . 

Analyses  were  made  of  tho  experimental  results  of  Phase  II  using  the 
selected  methods  from  Sections  II  and  III,  A  summary  of  ths  recult* 
and  conclusions  drawn  is  presented  in  Section  VI. 
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Fatigue  analysis  follows  the  same  general  pattern  as  developed  in  static  strength 
analysis*  These  subjects  may  bo  classified  into  three  broad  fields* 

1*  External  loads 

2.  Internal  loads 

3*  Allowable  loads 

The  differences  in  fatigue  analysis  compared  with  conventional  static  strength 
analysis  arc  associated  pr.innrily  with  tho  specification  of  the  multitudes  of 
external  loadings,  with  the  do tail  requirements,  or  preolsion.  demanded  of 
internal  load  (or  stress)  distributions,  and  with  the  form  or  specification  of 
tho  allowable  loads.  Another  major  difference  is  tho  convention  of  expressing 
the  results  of  static  strength  analysis  as  a  comparison  of  internal  loads 
(strossos)  with  allowable  loads  (stresses)  to  show  a  "Margin  of  Safety** 

Inheront  in  this  "Margin  of  Safety"  is  tho  coneept  of  a  "Factor  of  Safety," 
Fatigue  analyses  for  this  discussion  will  r.ot  contain  this  conoept  of  "Margins 
of  Safety"  nor  "Factors  of  Safety,"  but  will  be  linitod  to  the  direct  predic¬ 
tion  of  a  "fatigue  life,"  That  the  predicted  lifetime  in  whatever  units 
measured  (hours,  cycles,  missions,  or  any  other)  is  "safe"  or  not  is,  of 
courae,  dependent  not  only  upon  the  precision  of  all  input  data,  precision 
of  operations  performed,  but  also  on  many  other  factors,  some  not  even  a  part 
of  the  fatigue  procoss, 

1,  Such  faotors  as  "fail  safe"  may  change  completely  the  complexion  of 
a  "Margin  of  Safety4'  in  fatigue* 

2*  Periodic  and  special  inspections,  maintenance,  and  repair  can  have  the 
quality  of  extending  the  "life"  of  an  airframe  to  an  indefinite  period, 
probably  determined  by  economic  or  performance  obsolesoenco  rather  than 
fatigue* 

The  subject  of  faotors  or  margins  of  safety  will  be  discussed  in  a  later  section 
of  tho  report  (soe  Seotion  III  ). 

A  method  of  analysis  is  a  formal  procedure  to  attain  the  solution  of  a  problem* 
The  method  chosen  will  depend  heavily  on  two  facotsx 

1,  Tho  problem  to  be  solved,  and 

2*  Tito  data  available  on  which  to  base  tho  solution. 

To  illustrate,  one  of  tho  oldest  and  simplest  fatigue  problems  to  be  solved  i» 
that  of  tho  plain  rotating  shaft  in  bending.  Assuming  tho  external  loading  to 
be  known,  measured,  or  limited,  tho  intornal  stresses  may  bo  simply  computed  by 
the  engineering  beam  theory*  The  remaining  question  is  the  determination  of 
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the  allowable  stresses  for  the  lifetime  desired  or  to  predict  the  life  of  a 
given  design.  An  improssive  amount  of  experimental  5-N  data  is  available 
for  most  materials  under  this  type  of  loading*  Thla  is  highly  important  in 
th*  solution  of  this  problem,  which  may  b«  considered  solved,  provided! 

A.  External  loads  are 

1*  Constant,  known,  or 

2.  Measured,  or 

3»  Limited* 

8.  Internal  loads  (stresses)  are 

1,  Predictable  or  • 

2.  Measurable* 

C.  Allowable  loads  (stresses)  are 

1*  Known  or 

2.  Determinable  for 

a*  Material  chosen, 
b*  Processing  variables, 
c*  Environment,  ■ 
d*  Rate  of  loading, 
e.  Laboratory  simulation  compatible 
with  service  conditions,  etc. 

The  effects  of  more  than  one  load  level  on  fatigue  life  were  minimized  in  most 
industrial  problems  of  this  type  by  restricting  the  loads  produced  in  service 
to  levels  below  an  endurance  limit,  or  the  maximum  repeated  load  for  an 
Lndnfinlte  life  on  the  S-N  curve.  This  Is  still  the  practice  for  certain  pro¬ 
peller  and  other  rotating  machinery  for  aircraft  use. 

The  internal  loads  or  stresses  in  the  simple  example  ware  assumed  predictable 
or  measurable.  The  simple  shaft,  without  notches,  is  both  an  easily  predict¬ 
able  and  an  easily  tested  artlclo.  Years  of  laboratory  experience  havo  envolved 
spocimon  designs  which  achieve  consistent  fatigue  fa’.lure  In  almost  straight 
shafts  unaffected  by  grips  and  loading  fixtures.  The  experimentally  determined 
allowable  stresses  are  thus  compatible  with  the  actual  part  under  its  expected 
loading.  This  point  is  of  primary  importance  to  the  orecislon  and  success  of 
the  solution  to  the  assigned  problem. 

Suppose  the  shaft  had  a  notch.  The  solution  of  the  problem  may  now  take  one 
of  two  divergent  paths. 

Path  1,  The  influence  of  the  notch  may  be  computed  in  the  second  stage 
of  the  solution  dealing  with  the  prediction  of  internal  loads 
or  stresses.  Goomotrical  analyses  of  stress  concentration 
factors,  supported  by  experimental  measurements,  photoelastio 
optical  methods,  and  others,  constitute  a  large  body  of  data 
to  accomplish  this  step.  (References  1,  2  &  3) 
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Successfully  accomplished*  the  predicted  maximum  repeated  etareae 
to  be  applied  may  be  coopered  with  the  allowable  5-N  data  of 
virgin  unnotched  Material  to  predict  a  fatigue  life  or  to  design 
to  a  specific  life* 


However,  attempts  to  follow  Path  1  have  run  into  difficulties.  The  theoretioal 
elastic  or  photoelastioally  determined  stress  concentration  factor  is,  in  tne 
actual  part,  profoundly  affected  by  yielding,  residual  stresses,  work  hardening, 
and  other  effects  so  that  the  net  fatigue  effect  is  not  directly  predictable. 
This  is  well  illustrated  in  Flguro  1  .  taken  from  reference  I4  ,  whiob  indicates 
the  fatigue  effective:  concentration  factor  compared  vrith  the  geometrical  stress 
•concentration  factor  at  several  different  fatigue  lives.  Some  recent  work  at 
the  NACA  has  provided  empirical  plasticity  corrections  which  work  well  in 
•  certain  steels  (non-work  hardeimtle),  but  these  corrections rare  as  yot  unsuc¬ 
cessful  in  aluminum  alloy  (work  hardonable),  (Reference  3) 


vv 


Figure  1  Fatigue  notch  factors  for  simulation  elements 


Path  2.  The  internal  loads  or  stresses  may  be  computed  as  if  the  notch 
were  not  there  (gross  area  ba.-is)  or  at  the  root  of  the  notch 
(net  area  basis)  without  any  influence  of  stress  concentration. 

Tlie  stress  concentration  influence  of  the  notch  is  assigned  to 
the  third  stage  of  the  solution  doalinc  with  the  allowable  stress 
determination.  The  actual  notch  or  e  graded  series  of  notches 
is  fatigue  tested  and  S-N  or  allowable  data  are  plotted  for  the 
specific  part,  (Stresses  must,  of  course,  be  consistent  with  the 
internal  stresses  of  step  2»)  The  fatigue  effectiveness' of  the 
notch  is  in  this  manner  dotenr.ir.ed  experimentally. 

Following  Path  2  is  seen  to  be  fundamentally  an  improvement  over  the  method  or 
procedure*  of  Path  1  in  that  somo  of  the  previous  difficultiea  unaccountable  by 
■  analysis  are  now  experimentally  determined,  and  the  precision  of  prediction  of 
the  fatigue  life  of  tho  notched  part  is  inprovod.  However,  experimental  data 
for  tho  actual  configuration  must  be  made  available  for  the  achievement  of  this 
improvement.  Tack  of  those  data  may  force  an  estimate  by  the  Lost  means  avail"* 
able  (Path  1),  but  imprecision  is  then  inevitable, 

fhe  type  of  experimental  data  required  to  assess  the  fatiguo  problem  varies  at 
difforont  stages  of  a  design,  broadly  categorizod,  these  may  be  aoaled  in 
complexity  by  the  following  list! 

1,  Material  and  Processing  Data  are  neodod  in  tho  earlier  preliminary 
design  stages.  These  .nr a  usually  S-N  typo  or  simple  spoetruiij-typo 
fatigue  testa  to  provide  comparative  data  for  decisions  among  pos¬ 
sible  design  choices, 

2,  Development  Twists  are  dastgnod  to  assure  achievement  of  a  satisfactory 
fatiguo  quality  at.  critical  Joints  or  diGContinuitios,. 

3,  Full-Scale  Component  or  Airframe  FaMioio  Tost  nay  be  planned  if  the 
/loot  siza  warvaota  tho  time" 'and  cost, 

lj.  fleet  Servloe  History  is  a  factor  of  importance.  The  structure 
designed  d>y  TKe  be" at  means  available  rust  bo  observed  .in  service. 

The  integrated  influence  of  many  lectors  may  reduce  fatigue  life 
below  the  boat  engineering  and  laboratory  estimates,  dome  of  these 
factors  aro» 


a.  Sorvico  loading  variations,  changing  operational  demands* 

b.  Installation  stresses,  misalignments* 

c.  Workmanship,  nicks,  scratches  not  duplicated  in  laboratory 
test  specimens, 

d.  Material  alloy,  heat  treat,  batch  variations, 

e.  Environmental  conditions,  corrosive  atmosphere* 

f.  And  many  others. 


The  factors  that  bring  about  fatigue  life ■ reductions  mat  be  ferreted  out  and 
field  service  experience  obtained  to  provide  a  feed-back  loop  to  improve  the 
life  predictions.  Engineering  estimates  of  fatigue  life  conditioned  by  fleet¬ 
wide  field  service  experience  are  another  stage  of  improvement  beyond  that 
■provided  by  calculations  and  laboratory  experiments.  Laboratory  testing  and 
analysis  of  parts  which  have  .1  known  service  failure  history  provide  a  required 
overall  check  of  the  laboratory-analysis  life-prediction  system. 


m 


•ea  ‘ 
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Within  this  context  of  on  overall  system  approach  for  the  deliberate  scheduling 
af  Improvements  in  airfroma  fatigue  life  predictions,  depending  on  the  data 
available  at  various  stages  of  a  dosign,  specific  facota  of  the  airframe  life 
prediction  problem  will  be  examined  in  more  detail. 
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EXTERNAL  LOADING  DATA 


Th6  aircraft  exists  and  operates  in  a  complex  physical  environment.  The  list 
of  service  loading  is  extensive.  It  inr.lu.dear 


1.  Gust  loadings 


1.1  in  clear  air 

1.2  in  storms 


2.  Maneuver  loadings 


2.1  Transport 


2.1.1  Routine  route  maneuvers 

2.1.2  Training  maneuvers 


2.2  Military  aircraft 


2.2.1  Operational  maneuvers 

2.2.2  Training  maneuvers 


3.  Landing  impacts 


l*.  Taxiing  and  ground  handling 


5.  Ground-air  cycle 


6.  Buffeting 


6.1  Stall 

6.2  Supersonic  nnock  wave  instability 


7.  Acoustical  noise 


7.1  Propeller  tip  or  Jet  noise 

7.2  Aorooy  ionic  noise  (boundary  layer ) 


The  contribution  of  some  of  uheso  types  of  loaning  to  fatigue  damage  has  been 
debated  for  many  years.  Other  concurrent  research  programs  are  investigating 
experimentally  some  important  facets  of  these  loadings.  (5ee  reference  5) 
Ptelim inary  results  indicate  that  the  fatigue  influence  of  sene  of  these  items 
nay  be  unimportant  while  others  are  of  considerable  importance.  It  Is  too  early 
to  determine  a  clear  cut  simplification. 


A  det  nled  investigation  of  the  generation  of  external  applied  loading  data  and 
its  influence  on  the  fatigue  life  prediction  process  is  considered  beyond  the 
scope  of  this  study.  It  will  be  assumed  that  complete  external  applied  loading 
spectra  fer  all  the  critical  loading  conditions  can  bo  developed  for  a  mission 
phase  synthesis  utilizing  basic  environmental  statictica  currently  available 
for  each  type  of  loading.  However,  a  brief  review  of  the  general  character istics 
of  several  pertinent  types  of  loading  is  given  to  describe  the  complex  form  of 
these  external  applied  loads  and  to  demonstrate  the  versatility  required  of  a' 
practical  fatigue  life  prediction  method  necessary  to  handle  this  complexity. 
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The  gust  loading  record  ifi  characterised  by  &  varying  load  factor 
or  a  trees  coaponaaft  oscillating  about  a  substantially  constant 
ad  an  load  level*  At  different  posit ion a  in  the  structure  and  in 
different  types  of  aircraft  the  mean  load  level  can  cover  a  wide 
range  of  values.  This  la  significant  for  fatigue  life  predictions. 

The  natural  sequence  of  varying  gust  loading  magnitudes  is  sub¬ 
stantially  random.  However,  examination  of  sufficient  length  of 
record  shows  an  eventual  symmetry  of  positive  loads  and  negative 
loads.  Past  practice  has  been  to  regroup  positive  half  cycles 
with  equal  negative  half  cyoles  and  re-order  the  sequence  of 
occurrence  into  a  graduated  spectra  of  frequency  of  occurrence 
or  probability  of  exceedance.  This  process  is  illustrated  in 
Figure  2  .  It  can  be  seen  that  a  number  of  basic  assumptions 
are  involved  in  tampering  with'  the  original  load  record  to  con¬ 
vert  it  into  the  ordered  spectrum.  The  fatigue  significance  of 
the  order  of  load  application  has  been  well  demonstrated. 
(Reference  16  }  Physical  considerations  of  the  process  pf  crack 
propagation  confirm  the  importance  of  order  of  loading.  This 
information  is  not  reported  in  this  current  service  load  data 
reduction  methods,  bcraa  experimental  evidence  of  the  fatigue 
life  significance  of  this  property  of  ordered  vs.  random  loading 
is  being  generated  in  a  concurrent  research  project  reported  in 
reference  5* 


a.  Bomba' 


-Type  Aircraft 


Maneuver  loadings  of ’ large  bomber,  transport,  and  oargo-type 
aircraft  are  characterized  by  near  symmetry  of  incremental  or 
varying  load  component  about  the  constant  flight  mean  load  level. 
For  records  of  sufficient  duration  the  loads  are  substantially 
random  in  sequence,  and.  In  general,  the  above  comments  regarding 
gust  loadings  are  applicable  to  maneuver  loadings  for  this  olaso 
of  aircraft* 

Military  Fighter-Trainer  Aircraft 


The  maneuver  load  record  for  high  load  factor  military  fighter- 
trainer  type  aircraft  has  a  considerable  bias  in  the  positive 
direction,  reflecting  the  pilot's  inherent  avoidance  of  uncom¬ 
fortable  negative  accelerations  of  any  appreciable  magnitude. 

The  resulting  load  record  has  a  substantially  constant  minimum 
load  at  tie  steady  static  lg  level.  The  positive  acceleration 
increments  rise  from  this  level  to  a  maximum  load  increment 
and  return  to  the  steady  static  lg  level  with  only  minor  excur¬ 
sions  in  the  negative  range.  This  is  characterized  by  a  varying 
mean  load  for  each  load  cycle  as  contrasted  with  gust  loads  wi’ioh 
occur  with  a  substantially  constant  moan  load  level.  The  character 
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Random  Sequence  of  Flight  Loads 


Random  Grouping  of  Faired  Flight.  Loads 


*mean 


Ordered  Grouping  ol'  Faired  FI ight  Loads 


Figure  2  Development  of  Gust  Loading  Spectra 


of  this  typo  of  loading  ia  Illustrated  In  Figure  3  •  Incremental 
load  larval*  nay  approach  rondo*  sequence  cmr  ft  long-enough  time 
period.  As  discussed  above,  the  sequence  information  la  lost  In 
current  data  reduction  techniques.  This  fact  produces  a  signifi¬ 
cant  difference  in  handling  the  fatigue  life  predictions,  which 
will  bo  discussed  in  more  detail  in  latar  sections. 

3.  Landing  Impacts 

Landing  loads  are  applied  to  the  airframe  while  it  is  in  the  flight 
steady  mean  load  condition.  The  varying  loads  are  a  complex  function 
of  the  dynamic  response  of  the  structure  and  are  affected  by  the 
.  usually  nonlinear  characteristics  of  the  tiro-shook  3trut  combination* 
The  uequence  of  load  application  is  not  accounted  for  in  the  usual 
Analysis,,  ■  .  .  ' 

It.  Taxi. and  Ground  Handling 

These  conditions  create  varying  loads  of  a  generally  random  sequence 
oscillating  about  a  ground-supported  mean  load  lovol.  Dopsnding  on 
the  aircraft  eonf igrrat ion ,  the  moan  load  level  for  these  conditions 
can  become  compressive  for  fatigue  critical  structures  which  arc 
normally  loadod  in  tension  in  the  flight  conditions.  This  condition 
oan  be  aggravated  by  configurations  whioh  carry  large  external  store* 
and/or  tip  tanka.  Thun  the  range  of  the  mean  load  can  bo  quite  larg* 
for  each  flight, 

5.  Qround-Alr-Qround  Cycle 

The  change  ir.  load  distribution  from  ground  borne  to  air  borne  during 
the  take-off  run  and  the  transition  from  air  bornw  to  ground  borne 
during  the  landing  run  is  a  loading  cycle  that  takes  place  once  aach 
flight.  There  is  general  agreeroont  that  this  cycle  is  ux  important, 
contributor  to  fatigue  damage.  However,  there  is  no  general  agree¬ 
ment  on  tho  specific  definition  of  the  effective  amplitude  of  this 
loading.  One  definition  could  be  the  cycle  of  loading  from  the  max¬ 
imum  negative  (ground  load)  to  the  maximum  positive  (flight  load) 
occurring  in  each  flight.  Thi3  overall  load  cycle  per  flight  is 
not  yet  precisely  defined;  it  may  become  a  spectrum  ol  lead  ampli¬ 
tudes  over  the  life  duration  of  a  fleet.  Another  definition,  popular 
in  many  quarters  though  not  universally  accepted,  1b  the  transition 
cycle  from  tho  ground-borne  static  mean  load  lovol  to  the  air-born* 
static  mean  load,  and  return  on  each  flight.  Various  other  defini¬ 
tions  have  boon  proposed  such  as  the  RMS  value  of  negative  ground 
level  loads  to  the  RMS  value  of  positive  flight  level  loads  end 
return  for  each  flight. 

INhatever  the  load  level  definition,  the  ground-alr-ground  cycle  is 
generally  broken  down  into  its  own  substantially  constant  varying 
load  oomponerit  aoting  once  per  flight  about  its  own  moan  load  level* 
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Random  Sequence  of  Flight  Loads 
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Random  Grouping  of  -iired  Flight  Lo«4a 
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Ordered  Grouping  of  Faired  P’light  Loads 
Figure  3  Development  of  Maneuver  Loading  Speotra 
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Buffeting 

Buffeting  from  stall  car  supersonic  shock  nave  instability  ie  * 

bhenomonon  to  be  avoided  vhsrvnr  possible*  Wxen  fatigue  accounting 

is  necessary*  these  loads  are  generally  considered  random  in 

and  act  symmetrically  about  a  specific  mean  or  steady  load  condition. 

The  comments  on  gust  loads  arm  therefore  also  applicable  for  buffet 

loadings. 

Acoustic  Noise 

Although  an  important  source  of  fatigue  damage  for  booo  areas  of 
structure  in  certain  configurations,  this  opocislisod  problem  is  not 
within  the  scope  of  this  study. 

Composite  of  Miesion  loads 

The  total  load  history  »t'  *  point  on  the  airframe  structure  during 
one  flight  misoion  may  be  made  up  of  each  of  the  major  typec  dis¬ 
eased  ibove,  These  My  be  schematically  Illustrated  as  in  Figure 


Pro -take -off  ground  handling 
and  take-off  run, 

Ground -air 


Turbulence 


Fighter 

Uaneuvor 


Landing  impact 


Air-ground 


Landing  run,  taxi, 
and  ground  handling 


-  Taxi  load  spectrum  at  a 
negative  moon  load  (compression),. 

-  Transition  from  ground-  to  air¬ 
borne  state. 

-  Random  loads  varying  about  a 
positive  mean  load  (tension), 

-  Varying  increments  to  a 
maximum  above  the  static  level 
flight  mean  load, 

-  Honrandom  varying  loads  about 
a  level  flight  mean  load* 

-  Transition  from  flight—  to 
ground-borno  state, 

-  Same  as  take-off  and  pre-take¬ 
off  ground  handling. 


Each  of  the  several  types  of  loadings  may  appear  in  each  flight, 

Sunmary 

This  discussion  of  the  loads  to  which  airframe  structures  arc  subjected 
during  their  lifetime  is  primarily  to  demonstrate  the  type  of  input 
data  which  the  method  of  analysis  for  fatigue  life  prodiction  must be 
capable  of  handling  in  order  to  solve  the  problem  posed,  Somo  mothoaii 
proposed  for  fatigue  life  prediction,  while  elegant  and  useful  in  certain 


ASD  TR  61  -  U3U 


v*  ** .  t*.  •*,  *1  •’**  ’V  / .  *' 


Schematic  of  Composite  Loading  Spectrum 


fields,  are  limited  in  capability  to  handling  only  simple  definitions 
of  loads.  These  limited  methods  cannot  be  successful  in  the  solution 
of  the  problem  at  hand* 


INTERNAL  LOAD  fliSTRIBUTIOM 

Structural  designs  which  achieve  Hie  highest  efficiency  place  tho  greatest 
amount  of  material  into  pure  tension  or  compression,  reducing  bending  stresses 
from  local  discontinuities  to  the  least  possible*  Great  pains  are  taken  to 
achieve  this  desirable  goal*  The  process  of  design  and  analysis  goes  through 
several  circuits  of  ever  increasing  preoision,  each  stage  successively  minim- 
turising  the  structural  element  under  consideration* 


Method  of  Analysis 

Structural  Sis* 

1* 

Preliminary  design 

p  ■  K  \  f  "  I 

Tarda 

2. 

Project  design 

,  Ho  P 

Feet 

3. 

Final  design 

Redundant  analysis 

Inches 

U. 

Proof  of  design 

Experimental 

-  Millimeters  to  microns 

Research 

Experimental 

Millimeters  to  microns. 

The  precision  of  internal  loads  and  stress  distributions  computed  at  various 
stages  of  the  dosign  is  essentially  consistent  with  the  precision  of  the  data 
available  at  that  stage  of  design*  However ,  it  is  well  known  that  both  the 
number  of  cycles  to  craok  initiation  and  the  additional  cycles  for  growth  to 
a  critical  crack  size  are  extremely  sensitive  to  small  variations  in  the 
stress  level  existing  at  the  critiool  points. 

The  desired  precision  of  life  prediction  resolves  into  a  required  preoision 
of  stress  prediction  that  is  simply  not  attainable  with  the  currently  avail¬ 
able  analytical  tools.  This  critical  statement  is  not  an  indictment  of  the 
present  state  of  the  art  of  stress  analysis  for  this  is  Indeed  impressive. 
Rather,  it  must  be  considered  a  recognition  of  critical  faators  which  the 
current  analysis  techniques  cannot  handle  and  were  never  intended  to  handle* 
As  dlpcusond  in  the  introduction,  some  of  theco  factors  are: 

1.  Joint  friction  with  unpredictable,  nonrepeatable,  nonlinear  slippage 
characteristics. 

2.  Local  plastic  yielding  at  points  of  high  stress  concentration  with 
the  resulting  ever-changing  residual  streeres,  and  work  hardening; 
properties* 

3.  Fretting  and  Trotting  corrosion  rooulting  from  joint  slippage  under 
repeated  loads. 

U«  The  complexity  of  practical  structures  most  generally  results  In 
shapes  not  readily  amenable  to  tho  analytical  approach* 
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Consideration  of  the  formidable  difficulties  involved  in  this  brief  list 
indicates  that  the  purely  analytical  approach  cannot  in  the  immediate  future 
offer  any  hope  of  adequate  solution.  Therefore  the  only  practical  approach 
is  to  refer  thi*  problem  to  the  experimental  laboratory  for  solution.  This 
is  Path  2  of  the  analysis  methods  discussed  In  the  introduction.  However, 
for  timely  success  in  thla  approach  a  number  of  conditions  must  be  considered. 

1,  There  oust  be  a  specimen  doslgn  to  test.  The  designer  ie  called  upon 
to' 'make  decisions  without  benefit  o£  final  test  knowledge.  The  best 
tools  available  and  the  data  on  hAnd  at  decision  time  are  used  to  make 
the  best  possible  estimates.  These  estimates  can  only  be  considered 
crude  at  best.  The  stress  Concentration  factor  procedure  finds  its 
greatest  usefulness  at  this  stage.  As  explained  in  the  sample  problem 
in  the  introduction,  by  judicious  use  of  a  large  body  of  stress  concen¬ 
tration  literature  (for  example,  reference  1)  and  with  the  full 
realisation  of  the  limitations  on  fatigue  effectiveness  of  these  pre¬ 
dictions,  design  comparisons  and  choices  can  be  made,  subject  to  later 
confirmation  and  refinement. 

2,  The  fatigue  test  specimen  must  be  complete.  The  test  specimen  must  be 

a  large-enough  sample  of  the  structure  to  encompass  local  redistributions 
of  load  due  to  yielding,  joint  slippage;  it  must  contain  an  exact  re¬ 
presentation  of  all  critioal  local  eccentricities  and  a  reasonable 
representation  of  local  supporting  structure.  It  must  have  all  secondary 
attachments  which  would  in  any  way  affect  the  fatigue  life  of  the  primary 
element]  for  example ,  attachment  holes  for  hose  damps,  tubing,  electrical 
wiring  bundles,  drain  holes,  and  holes  for  secondary  support  brackets  may 
be  fatigue  critioal  but  are  too  easily  overlooked.  All  processing  opera- 
*  tior.j,  cleaning,  coating,  etching,  sealing,  etc.,  which  tho  airframe  parts 
undergo  during  manufacture  should  also  be  included  in  tho  build-up  of  the 
fatigue  test  specimen. 

* 

3,  Koalnal  structure  adjacent  to  joint..  The  loads  introduced  into  a  complex 
3oint  or  material  discontinuity  are  generally  controlled  by  the  stress 
state  of  the  average  material  in  the  structure  surrounding  the  Joint. 

It  is  also  often  considered  good  practice  that  joints  and  fatigue-critioal 
discontinuities,  and  especially  blind  areas,  should  be  as  good  as  or 
totter  than  adjacent  structure  with  a  nominal  hole.  To  moot  direotly 
demonstrate  achievement  of  this  quality  levol  and  to  aid  in  the  defini¬ 
tion  and  monitoring  of  the  test  load  spectra,  the  test  specimen  should 
include  such  sections. 

*  U,  The  full  range  of  loads  are  necessary.  There  is  considerable  evidence 
accumulated  from  ^uH-scale  airframe  fatigue  tests  (references  20  and 
21  and  others)  and  from  laboratory  attempts  to  dupliqate  service  failures, 
that  the  looation  of  fatigue  failures  in  complex  structure  is  dependent 
on  tho  applied  load  levola.  Constant  load  amplitude  S-N  type  tests  on 
multiple  dpoc linens  must  therefore  cover  the  full  range  of  the  anticipated 
operational  servioo  loads.  Spectrum-type  tests  offer  the  advantage  of 
requiring  fewer  speoimons  to  cover  the  full  range  of  operational  loads. 
However,  the  test  variables  of  unit  spectrum  block  also,  stress  interval, 
ordor  of  load  application,  etc.,  exart  some  influence  on  the  test  results. 
The  influence  of  th030  tent  variables  must  be  ninimiaed  by  judicious 
choices.  (Reference  J>) 


The*  intern*!  loads  from  the  normal  static  stress  analysis  are  generally  con¬ 
sidered  adequate  to  define  the  test  spectra  for  development  teats  of  t.ho  Joint 
or  discontinuity.  Strain  gage  surveys  taken  during  component  or  full-scale 
static  tests  are  an  ~id  in  either  setting  the  fatigue  test  load  level,  or,  if 
scheduled  latex’,  provide  data  for  corroboration  or  corrective  analyses  to 
improve  the  precision  of  prediction  when  necessary. 

The  successful  fatigue  test  of  a  fully  detailed  specimen  of  a  critical  area 
of  the  airframe  structure  under  tho  full  range  of  expected  loads  provides 
experimentally  the  micro-detailed  analysis  which  includes  most  of  the  factors 
which  current  purely  analytical  approaches  find  Insurmountable. 
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It  is  necessary,  however,  that  allov.-.ble  fatigue  data  for  comolex  structure 
be  provider  by  laboratory  development  tests  of  fully  detailed  speaimaA(a)  of 
the  critical  areas  of  the  structure,  tested  under  the  full  range  of  load# 
representative  of  those  expected  In  service.  To  define  ar.  S -V  curve  for  a 
eoedflc  element  of  structure  requires  a  minimum  of  six'  to  nine  specimens  with 
sixteen  or  twenty  rieslrAble  depending  upon  the  statistical  confidence  level 
required.  In  the  interests  of  economy,  schedule,  and  the  availability  of. 
large  scale  fatigue  equipment,  in  addition  to  the  technical  reasons  discussed 
above,  it  is  advantageous  to. perform  the  development  tests  on  fewer  specimens 
with  each  to  experience  the  full  spectrum  of  loadings  anticipated  for  operational 
service.  This  aspect  La  especially  important  in  the  conaiaeratton  of  a  full 
scalo  airframe  fatigue- test  in  which  the  economic  Justification  of  a  single 
teat  specimen  is 'of  paramount  importance. 

The  interpretation  of  the  results  of  these  more  complex  specimen  tests  Is  not  • 
quite  so  sLmple  as  the  interpretation  of  tho  allowable  fatigue  life  (vo.  Stress) 
of  constant  amplitude  type  loadings.-  However,  a  number  of  methods  have  Icon, 
used  such  as  the  comparison  of  tho  tost  results  with  the  .results  of  touts,  of  a 
(good  quulity)  standard  joint,  .-r  the  Tangent  Intercept  Method,  or  the  Fatigue 
Quality  index  procedure.  Tne  latter  two  are  described  ir.  uetaLl  in  Appendix  A. 

One  of  the  objectives  of  this  study  -is  to  explore  tn.e  posci:  ill  ties  and  limita¬ 
tions  in  the  use  of  spectrum  typo  fatigue  tost  results  as  a  meins  for  fatigue 
life  prediction. 
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A  discussion  of  the  complexities  involved  in  the  prediction  of  the  fatigue  lLCe 
of  airframe  structure  and  the  requirements  of  e  practical,  method  has  emphasised 
these  points • 

1.  External  loadings  'are  complex  in  range  and  sequence.  A  fatigue  life 
prediction  method  must  be  versatile  in  scope  to  handle  the  many  types 
of  loadings  likely  to  bo  critical, 

2.  The  prediction  of  the  fatigue  life  of  complex  structure  requires  a 
precision  and  reliability  of  local  ctress  history  under  complex  ex¬ 
ternal  loading  vrhich  ia  not  currently  available  by  purely  analytical 
means*  nor  likely  to  be  available  in  the  near  future. 

■  3,1  A  satisfactory  fatigue  damage  thoory  Is. not  available  for  the  analytical 

prediction  of  the  allowable  stress  history  of  complicated  structure  under 
complex  loadings. 

lj.  The  crux  of  the  problem  of  fatigue  life  prediction  is,  therefore,  a 

fatigue  quality  of  complex  structure  which  embodies  the  effocts  of  the 
complex  internal  stress  history  and  the  allowable  stress  history  for 
the  formation  of  a  critical  crack,  both  of  which  erv  dependent  on  the 
range  and  'sequence  of  applied  loading. 

.  fi.  Laboratory  development  tests  of  fully  curtailed  specimens  of  fatigue 
critical  structure  are  required  to  assess  this  fatlguo  quality  of 
complex  structure,  dither  spectrum  type  tests  which  cover  the  full 
range  of  loads  anticipated  for  operational  service,  or  constant  ampli¬ 
tude  ii-W  type  tests  may  be  used  for  this  purpose. 

6,  For  spectrum  type  tests,  test  variables  such  as  loading  block  eisa, 
stress  interval  size,  ar.d  loading  uequence  affect  the  laboratory  results. 
These  effects  must  be  eliminated,  reduced  to  insignificance*  or  accounted 
for  by  some  empirical  moans. 

7.  Interpretation  of  operational  service  history  by  consistent  laboratory 
testing  and  analysis  means  is  required  to  provide  a  comparative  bawe 
for  any  method  of  fatigue  life  prediction. 


f 
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EVALUATION  AND  SELECTION*  OF  FnTIOUE  LIFE  PREDICTION  METHODS 


From  a  search  of  the  literature  *  number  of  moth odr  for  the  prediction  of 
fatigue  life  proposed  by  various  authors  was  selected  for  comparative  study 
and  evaluation.  During  this  study*  simplifications,  modifications,  and 
generalisations  wore  developed  to  better  auapt  some  of  these  methods  to  the 
problem  of  fatigue  life  prediction  of  aluminum  airframe  structure.  For 
brevity  and  continuity  of  this  section,  the so  methods  and  their  extensions 
are  described  in  detail  in  Appendix  a. 

While  all  these  methods  (except  one,  the  Tangent  intercept  Method)  were  funda¬ 
mentally  the  concept  of  the  gradual  accumulation  of  fatigue  danare  during  the 
progress  of  loading,  each  author  emphasized  some  particular  aspect  or  formula 
for  the  representation  of  either  or  both  the  applied  loading  spectra  or  the 
allowable  a-ii  data.  These  variations  could  be  considered  in  three  general 
categories.  The  methods  studied. in  this  phase  of  the project  are  classified 
in  the  throe  categories  as  listed  below,  with  the  Tangent  Intercept  method  un¬ 
classified.  in  addition,  those  methods  chosen  for  comparison  by  numerical 
evaluation  with  the  selected  test  data  are  indicated  by  the  asterisk. 


Class  I. 

*  1.* 


Linear  Cumulative  Damage  (based  on  specific  data  for 
each  specimon  type ) . 

Minor’s  hinthhd  (reference  6) 

This  is  the  v'oll-kncwn  linear  summation  o JT  the  fractions  of 


failure  is  hypothesized  when  the  sum  of  aT*  cycle  ratios  is  one. 
Lundberg’s  FFA  Method  (reference  7) 


Lundberg  and  hie  at'sociates  at  the  Aeronautical  itosearch 
Institute  of  owe den  (FFA)  utilized  mathematical  formulas  for 
representing  the  applied  loading  spectrum  and  the  allow- 
able  S-N  data  and,  based  on  miner’s  linear  cumulative  damage 
hypothesis,  obtained  a  closea  form  solution  for  tho  total  damage, 
and,  thus,  for  the  corresponding  predicted  fatigue  life.  This 
method  was  evaluated  in  two  parts,  one  utilising  e^uationa  for 
the  applied  load  spoctra  and  for  the  S-tl  curves  with  parameters 
determined  by  an  avorags  best  fit  for  the  full  stress  range, 
while  the  second  application,  in  an  attempt  to  improve  the 
precision  of  prediction,  restricted  tho  brst  fit  to  the  mid-range 
of  stress  levels  ir»  tin*  region  of  highest  cycle  ratios. 


#  3*  Shanlay's  "IT*  Method  (references  8,  9  and  10) 


Based  on  a  concept  of  rate  of  formation  of  slip  band*,  Shanley*-* 
11 IX"  method  derives  an  equation  for  the  fatigue  damage  which 
results  iu\  the  linear  cumulative  damage  expression  of  Uiner, 
utilizing  a  mathematical  formula  for  the  S-N  curve* 


2).  Banger's  Method  (reference  11) 


Langer  separated  the  fatigue  process  into  two  parts  -  first,  the 
initiation  of  cracks,  and  second  the  growth  of  the  cracks,  and, 
based  on  linear  accumulation  of  cycle  ratios,  derived  a  prediction 
of  fatigue  life. 


5,  Grover's  Method  (reference  12) 


Grover's  method  is  essentially*  the  sane  as  Bangor's  method,  .  Both- 
of  these  methods  require  experimental  S-t!  data  which  separate  the 
crack  initiation  stage  from  the  crack  growth  stage.  These  data 
were  not  available  for  this  evaluation* 


6.  Smith's  Rosidual  Stress  Method  (reference  13) 


Using  Miner's  linear  cumulative  damage.  Smith  proposes  inclusion 
of  the  residual  stresses  from  plastic  yielding  at  higher  load 
levels  with  the  stresses  from  external  loads*  This  very  elegant 
method  of  stress  analysis  is  not  practical  for  the  complexity 
of  loading  history  met  in  service,  and  could  not  be  evaluated 
in  this  study. 


Glass  II,  Nonlinear  Cumulative  Canape  (based  on  specific  3-N  data  for 
each  "specimen  type.) . 


7*  henry's  Kethod  (reference  3ii) 


Henry  developed  a  procedure  for  reducing  the  allowablo  S-N  curve 
in  a  step-by-etep  procedure  to  accoiuat  for  damage  of  prior  loadings. 
3y  ingenious  means  of  cycle  ratio  corrections,  the  reductions  are 
achieved  by  reference  to  only  the  original  S-h  curve.  The  result 
is  a  nonlinear  accumulation  of  damage.  Knowledge  of  the  ovdar  of 
.1  od  application  is  necessary  for  the  use  of  this  method.  In  its 
o-.ginal  form  the  mathematical  representation  of  the  S-N  data  could 
be  applied  only  to  a  United  class  of  materials. 


*  8,  Generalization  of  Henry's  Method 


Henry's  original  development  is  extendod  in  this  report  to  accept  a 
more  general  representation  of  the  G-N  data.  This  development  is 
discussed  in  detail  in  Appendix  "A". 
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9.  Corten  and  00110*8  Hat hod  (reference  15) 

Corten  and  Dolan  based  the  .r  method  on  a  concept  of  relating 
fatigue  damage  to  the  number  of  cracks  foraed  a3  a  function 
of  the  largest  varying  load  in  the  sequence,  with  the  growth 
of  such,  cracks  to  occur  at  all  load  levels  of  the  sequence. 

The  result  is  a  form  of  nonlinear  cumulative  damage  in  terms 
of  stress  ratios  of  the  various  loads  in  the  spectrum,  and, 
as  such,  contributes  d?*nage  from  the  low  stresses  below  the 
endurance  limit.  This  point  is  discussed  in  detail  in 
Appendix  A. 

*  TO.  Modified  Corten  and  Dolan  Mothod 

The  Corten  and  Dolan  method  is  modified  to  convert  the  basic 
formula  to  a  cycle  ratio  basis,  which  assumes  no  contribution 
from  loadings  below  the  endurance  limit.  The  nonlinearity 
coefficient,  evaluated  by  iiie  available  test  data  in  Appendix 
'3,  Indicates  the  results  to  !>e  ao  closely  equivalent  to  the 
Linear  Cumulative  Damage  Method  that,  further  evaluation  was 
■  discontinued. 

*  ll .  A  Simplified  Nonlinear  Cumulative  Damage  Method 

A  simplified  fora  of  a  nonlinear  cumulative  damage  method  is 
developed  from  the  results  of  this  survey  by  introducing  an 
empirical  exponent  into  t.ho  .equation  representing  the  damage 
ratio  sun-cation.  This  nonlinearity  coefficient,  evaluated  from 
the  available  test  date  tn  Appendix  B,  indicates  the  results  to 
be  so  closely  equivalent  to  the  Lino ar  Cumulative  Damage  Method 
that  further  evaluation  was  discontinued. 

*  1?.  Shanley^s  **2I»  Method  (reference  8) 

Basod  on  essentially  the  same  reasoning  as  was  used  to  develop 
his  linear  "II"  method,  Shanley  assumed  one  of  the  coefficients 
in  the  rate  equation  to  bo  stress  dopendent.  This  increased 
strongly  :he  rate  of  crack  growth  and  resulted  in  a  nonlinear 
form  of  the  cumulative  damage  summation. 

Class  IIX.  Cumulative  Damage  (Linear  or  Nonlinear)  from  Damapo  Boundaries  or 


13.  Konmors*  hcnllnear  Damage 


Is  (reference  22) 


Koamers  pointed  out  the  essential  nonlinearity  of  the  damage 
boundaries  determined  experimentally  from  two-step  load  tests 
of  stoel  coupons.  Tho  damage  boundaries  were  found  to  be 
functions  of  both  the  load  levels  and  the  cycle  ratios  in  each 
load  level. 

11*.  ft!  chart  and  Mewnwrk^  hot  hod  (reference  21*) 

Richart  and  Newmark  devised  a  formal  procedure  with  additional 
Bporimental  verification  for  utilizing  Kommer3*  nonlinear 
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damage  hypothesis  to  create  damage  boundaries  »4iich  vary  with 
*  both  stress  level  arid  the  cycle  ratio. 

IJ>.  Stereo  and  Starkey^s  Method  f reference  2$) 

k  method  of  defining  damage  boundaries  by  use  of  a  power 
relation  of  the  oycle  ratio  was  developed  by  Marco  and  Starkey.' 
The  exponent  was  made  stress  or  load  dependent,  which  resulted 
in  essentially  a  mathematical  formulation  of  the  damage 
boundaries  for  use  in  the  procedure  described  previously  by 
Riehart  and  Nonmark,  and  suggested  by  Komaertf  earlier  work. 

l£«  Freudenthial  and  Heller  *s  Method  (reference  26)  • 

fVoudenthal  and  Heller  have  developed  a  procoau re  to  construct  . 
a  "fictitious"  S-N  curve  by  the  use  of  a  stress  interaction 
.  factor,  which  is  derived  from  a  statistical  analysis  of  a 
large  numbor  of  samples  tested  unde**  a  number  of  spectra  of  1 
loading.  Lack  of  both  the  type  and  quantity  of  tho  necessary 
data  prqcludes  its  practical  application.  ■ 

17.  Levy* s  Mothod  (reference  2?) 

Levy  suggested  a  fatigue  life  prediction  procedure  based  on 
deriving,  from  test  data,  empirical  constants  as  exponents 
for  each  cycle  ratio  of  a  step  spectrum,  with  one  additional 
constant  coefficient  required  for  the  life  prediction  equation. 
This  method  requiroo  (q  ♦  1)  30ts  of  test  data  and  the  solu¬ 
tion  of  as  many  simultaneous  equations  where  q  is  the  number 
of  stops  of  tho  loading  spectrum.  Data  were  rot  available 
in  a  form  required  to  evaluate  this  method. 

*  Stroas  Concentration  Method 

The  stress  concentration  method  in  practice  is  a  procedure  of 
refined  stress  analysis  to  Uefino  tho  ratio  of  peak  stress  in 
a  discontinuity  of  structure  to  the  nominal  stress  in  a  region 
remote  from  tho  disturbance.  It  "rust  bu  coupled  with  a  damage 
theory  to  complete  a  life  prediction  method.  The  linear  oumula- 
ttvo  damage  hypothesis  is  taken  for  that  purpose  in  this  study. 
Tho  stress  concentration  faotor  derived  analytically  may  be  used 
in  either  of  two  ways? 

A i  f/hen  used  to  specifically  define  the  peak  3tress,  the 
allowable  stress  (or  cycles)  may  bo  determined  from  an 
appropriate  S-N  curve  fer  the  virgin  unnotched  material. 

7}„  Tho  stress  concentration  factor  may  be  used  to  select 
an  appropriate  S-W  curve  from  r  grated  set  of  notched 
specimens  of  tho  material.  This  S-M  curve  may  be 
arbitrarily  considered  as  the  damage  boundary  for  the 
design  for  which  no  specific  test  data  exist. 
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Once  the  peak  ateeee  hifttosy  la  defined  (m  i»  k}  or  th» 

equivalent  notch  concentration  factor  specified  'as  In  B*) 
any  of  the  fatigue  life  prediction  methods  coula,  in  prin¬ 
ciple  ,  be  used. 

*  W*  Fatigue  Quality  Index  Method  ' 

A  fatigue  test  of  a  completely  detailed  specimen  la  conducted 
under  the  fiill  spectrum  of  loads  expected  on  the  structure  in 
service*  The  results  of  the  spectrum  test  are  analyzed  with 
a  set  of  standardized  S-N  date,  fixed  for  the  purpose  of 
providing  a. scale  of  measurement  of  fatigue  quality.  That 
stress  concentration  factor  is  determined  which,  by  Interpola¬ 
tion,  makes  the  linear  cumulative  damage  equation  exactly 
unity  under  the  application  of  the  full  test  history*  This 
concentration  factor,  defined  as  the  Fatigue  Quality  Index 
.  for  the  tested  specimen,  is  compared  with  an  acceptance 
standard*  .  ■■  ; 

As  a  fatigue  life  prediction  msthod,  the  establishment  of  the 
Fatigue  Quality  Index  provides  an  arbitrary  damage  boundary 
based  on  a  fatiguo  test  of  the  specimen  under  its  own  anticipated 
load  spectrum.  By  the  linear  cumulative  damage  procedure, 
fatigue  life  predictions  ore  made  from  this  damage  boundary  for  the 
structure  -mder  other  similar  loading  spectra. 

Unclassified 

*  20.  Tangent  Intercept  Method  (reference  28)  • 

Originally  developed  as  a  method  of  interpretation  of  simple 
spectrum  test  results  to  derive  a  fatigue  quality  aooeptanoc 
standard,  the  Tangent  Intercept  procedure  has  been  oropoaed 
as  a  fatigue  life  prediction  method,  (reference  31) 

Essentially  a  graphical  procedure,  the  spectrum  test  result 
in  cumulative  cycles  is  plotted  in  an  appropriate  field  of 
S-N  ourvas.  The  interpolated  Kj  value  of  the  S~N  ourve  which 
ic  tangent  to  tho  total  test  spectrum  becomes  the  Tangent 
Intercopt  Quality  Index  of  the  specimen. 


As  a  fatigue  life  prediction  method,  an  S-N  ourve  of  tho 
specimen  is  provided  by  constant  amplitude  tests.  The  fatigue 
life  under  a  spectrum  of  loads  is  defined  by  the  multiple  of 
th8  unit  spectrum  which  becomes  just  tangent  to  the  S-N  curve. 


EVALUATION  UF  METHODS  OF  PREDICTION 


For  use  in  ovrii. ."5;  numerically  the  various  wtrUioda  of  fatigue  lif*  prediettas 
which  wrt  tfhuj'"'  n  extensive  search  of  the  available  published  data  turned 
up  seventy -air*  •  of  teste  conducted  on  approximately  266  apecioene  suitable 
for  application  to  x-jnt  of  the  proposed  methods.  These  ore  all  spec tr un-type 
experiments  in  which  spectrum  shapes,  unit  spoctrum  block  size,  stress  intervals, 
sequence  of  loadings,  etc.,  cover  a  wide  range  of  variations.  Included  also  are 
pertinent  spectrum  test  results  from  the  Australian  P-$l  and  the  NACA  C-l*6  wing 
full  scale  fatigue  tests*  Detailed  descriptions  of  these  test  data  are  given  in 
Appendix  11  qn. 

The  evaluation  was  conducted  in  two  forms,  depending  on  tho  scale  on  which  the 
comparisons  arc  aoasured. 

1.  Comparisons  of  Life  Cycles  ; 

Each  of  the  methods  chosen  for  evaluation  was  required  to  predict  the 
fatigue  life  of  tho  test  specimen  from  the  unit  applied  loading  spectrum, 
using  whichever  form  of  the  allowable  data  that  was  specifically  applica¬ 
ble  to  the  method. 

The  details  of  this  numerical  work  pertinent  to  each  method  arc  given 
in  Append! -  "B "«, 

The  results  of  the  life  predictions  of  each  group  of  specimens  are 
plotted  in  Figure  £  for  sixty-five  groups  of  gust-typo  spectrum, 
results,  and  .in  Figure  6  for  thirteen  groups  of  maneuver-type  spec¬ 
trum  results.  The  code  identification  of  tho  various  methods  is 
given  in  Table  1  ,  The  experimental  results  are  also  plotted  for 
direct  comparison,  indicating  the  geometrical  moan  of  the  group, 
and  a  vertical  bar  showing  the  hand  spread  between  the  minimum  and  ■ 
maximum  experimental  values  of  the  group* 

Another  comparison  of  the  prediction  with  the  actual  teat  result  is 
made  by  the  ratio: 


If 


If 
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Degree  of  conservatism  » 


'(Test) 


X  ft*  e  die  ted) 


rt 


'(Test) 


<  1.00 ,  the  prediction  is  unconsorvative* 


*'(  rVedic  ted) 


(Test) 

' (Predicted) 


1.00,  the  prediction  ia  conservative* 


•  *. :  * 


TABLE  1  S 

LIST 

OF  CODING  USED  IN  FIGURES  ■ 

.•symbol 

Meaning  fl 

♦  • 

Geometric  Mean  of  Test  Data  •  ■ 

Scatter  Band  for  Test  Data  ■ 

•  O 

•  * 

Miner’s 

■  '  V:  ’•  Vo 

.  PPA 

Loading  Spectrum  and  S-N  Equations  Best 

Fit  in  the  Midatreas  Range, 

o 

FFA 

Loading  Sneotrum  and  S-N  .Equations  Boat 

Pit  in  the  Pull  Stress  Range, 

'  ^ 

Shanley  "IX 

W 

^7 

Shanley  "2X 

n 

6 

♦  •  . 

Modified 

Henry 

S-N  Equation  Best  Fit  in  the  Midatress 

Range, 

O 

Modified 

Henry 

S-N  Equation  Best  Fit  in  the  Full  Stress 

Range, 

1  ° 

Tangent  Intercept 

|  0 

Quality  Indox-Baaed  on  Standardised  S-N  Data  of  Figa*  58  to  62, 

1  0 

Stress  Concentration  Fmctor^Baaed  on  Standardized  S-N  Data  of  Figa, 

58  to  62, 

Loading  Soquence  in  the  Unit  Spectrum  Block  1 

I-H 

Low  to  High  Loading  Sequence 

■ 

F*L 

High  to  Low  Loading  Sequence 

■ 

L-H-L 

Low  to  High  to  Low  Loading  Sequence 

■ 

R-L-H 

High  to  Low  to  High  Loading  Sequence 

9 

QR 

Quasi-RAndom  Loading  Sequence 

9 

TR 

True  Random  Loading  Sequence 

1 
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Coding  for  Points  is  Given  in  Table  1 
Figure  5*  Comparison  of  Predicted  and  Experimental  Fatigue  Life 
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Figure  5  (oontinued)  Comparison  of  Predicted  and  Experimental  Fatigue  Li 
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Figure  5.  (fontinued)  Comparison  of  Predicted  and  Experimental 
Fatigue  Life 
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01*6  017 


Sequence* 

Block  Six? 
(cyolaa) 

loading 

Steps 

Haan  Load 
LBS 

Spectrum 

Specimen 

Katar 1«1 

... 

Reference 
ibr  Teat  Data 


Same  as  Ejeperi  mental  Life 


Lap  Joint  with  One  Row 
_ of  Flush  Kivota 

2Ui!li-T3  Aided 


70/5-T6 
A 1 clad 


a  sequence  applied  only  once 
b  Lap  Joint  with  two  rows  of  flush  rivets 
c  lap  Joint  with  one  row  of  flush  rivets 
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Figure  $>  (Continued)  Comparison  of  Predicted  and  Experimental 
Fatigue  Life 
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Figure  S.  (continued)  Comparison  of  Predicted  and  Experimental 

Fatigue  Life 
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Figure  5.  (continued)  Coraparloon  of  Predicted  and  Experimental 

Fatigue  Life 
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Figure  6.  Coaiparisoo  of  Predicted  and  Experimental  Fatigue  Life 
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This  soaie  of  comparison  is  most  Informative  in  assessing  the  Uf« 
prediction  effectiveness  of  the  various  methods  and  in  providing 
infornat_on  or.  the  scatter  factors  -which  need  consideration  for 
assessing  leliabilitr  on  the  lift  cycle  scale.  ° 

**  jjjgggygg  "* atr”- “Ttl 

S?v,85r®uS  fu31!  bb  uaad  ^  evaluate  the  various  prediction 
^hf^dfnby.2e  dQ,fcQprafnat^on  of  4  proportionality  factor,  k,  bv 
which  all  stress  levels  of  tho  test  spectrum  arc  raised  or  lowered 
to  arrive  at  the  exact  prediction  of  the  specific  test  liio. 

0f  thQ  ^ QdiQtiQfl  irifch  **  test  result  lo  made 
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v( Adjusted) 


M  i  ^  I.OO,  the  prediction  is  conservative. 
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ent  of  specimens  in  excess 
given  ratio  of  prediction. 


-tivfe  Distributions  for  the  Ratio  of  Tost  Stw»s  to  Adju»t«i  Sirs*# 


The  inherent  spread  of  fatigue  life  predictions  is  evident  in  the 
rectilinear  scale  of  figure  7»  To  enennpeee  »  wider  range  of  da*a» 

Figure  9  is  presented  with  the  degree  of  conscrvatisa  on  a  log 
scale*  This  latter  figure  also  has  the  advantage  that  equal  distances 
on  each  side  of  the  ordinate  of  perfect  correlation  (degree  of  conaerv*  - 
etisia  •  1*00)  represent  equal  degrees  of  conservatism*  whereas  in  the 
rectilinear  plots  of  Figures  7  and  0,  these  distances  are  distorted 
between  t.he  unconservative  and  the  conservative  sides  of  the  diagrams* 

The  appearance  of  theso  diagrams  is  roughly  similar  to  the  Gaussian 
normal  distribution  curve.  Table  2  was  therefore  prepared  from  these 
data  to  indicate  a  quasi-atattstlcal  analysis  of  the  error  spread  In 
terms  of  standard  deviations  (one  sigma).  From  the  properties  of  the 
logarithmic  increments,  the  resulting  multiplicative  standard  deviation 
is  a  factor  to  be  multiplied  or  divided,  not  added  or  subtracted  as 
is  the  case  for  the  standard  deviation* 

Examination  of  these  curves  shows  the  Tangent  Intercept,  method  to  be 
very  unconservative  for  predicting  the  fatigue  life  of  thie  group  of 
tests.  Also  evident  is  the  large  degree  of  conservatism  in  the  fat* 
igue  life  predictions  of  ilhanloy's  "2X"  method  and  the  lade  of  agreement* 
both  conservative  and  ur, conservative ,  for  the  stress  concentration 
procedure  when  using  the  concept  of  linear  cumulative  damage  with 
standardised  S-N  curves.  All  other  methods  evaluated  by  these  data 
group  closely  to  the  same  band  generally  consistent  with  the  linear 
cumulative  damage  prediction.  This  agreement  is  to  be  expected  oinoe 
al.l  of  these  methods  except  the  Tangent  Intercept  are  variations  of  the 
basic  cumulative  damage  procedure,  some  of  which  vary  only  In  details 
of  matnematlcal  curve  fitting* 

Some  of  the  methods  which  introduce  nonlinoarities  do  not  demonstrate 
for  these  tests  any  strong  divergence  from  the  linear  accumulation 
process,  uith  tho  single  exception  of  ahanley's  "2X"  method. 

The  evaluation  of  the  two  va*  itmts  of  the  least  squares  best  fit  of 
the  S-N  data  in  tho  two  methods  showed  no  detectable  difference  In 
the  generalized  Henry  method.  A  relatively  minor  overall  improve¬ 
ment  can  be  observed  in  Lundberg's  FFA  method  wlon  tho  best  fit  of 
S-N  and  loading  spectra  data  lo  restricted  to  the  midstress  region 
of  most  damaging  stresses. 

In  Figure  8  the  correlation  of  tho  various  methods  as  measured  on 
the  stress  scale  reveals  the  same  general  pattern  among  the  various 
methods  as  was  discussed  above  for  the  life  cycle  scale  of  comparison. 

The  significant  difference,  from  tho  viewpoint  of  design  and  control 
for  the  prevention  of  fatigue  .'ailuros,  is  the  relatively  small  change 
in  the  stress  adjustment  factor  required  to  achieve  a  given  degree  of 
improvement  on  'he  life  cycle  scale. 
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The  potential  advantages  of  basing  a  fatigue  life  prediction  method  on  ono  or 
a  few  spectrum  test  results  of  specimens  of  critio&l  structure  la  worthy  of 
speoial  study.  The  simplest  test  of  the  effectiveness  of  the  procedure  is  to 
compare  the  values  of  the  test-derived  quality  indox  determined  from  all  avail¬ 
able  tests  in  which  tso  or  more  different  loading  cpeotra  were  applied  to  one 
apeoiraen.  If  these  quality  indices  are  invariant  (within  a  reasonable  soatter 
factor)  for  all  load  spoctra  test  results  on  the  same  type  of  specimen,  the 
predictability  of  fatigue  life  is  assured. 

The  fatigue  quality  index  was  derived  for  all  the  pertinent  data  available  from 
the  test  groups  chosen  for  this  evaluation.  These  values  are  listed  in  Table 
3  •  The  teat  data  of  these  groups  are  of  a  similarly  shaped  speotrua  of 

varying  loads  in  which  the  general  slope  was  changed  as  well  as  the  mean 
stresses.  Comparisons  of  the  fatiguo  quality  indox  values  in  Table  3  for  a 
given  specimen,  however,  indicate  a  considerable  varianoe.  The  variance  due 
to  soatter  of  the  teat  results  is  also  indicated. 

Qroups  26  through  31  inclusive  show  the  influence  of  progressively  reduced  slope 
of  a  gust-type  spectrum  on  the  derived  fatigue  quality  index  for  a  double  shear 
riveted  joint  of  202b~T3  Aluminum  Alloy.  Tho  maximum  K -value  (minimum  life  of 
each  test  group)  la  progressively  higher  for  each  reduction  in  slope  of  the  load¬ 
ing  spectrum.  The  geoaatric  mean  and  the  minimum  X-value  (maximum  life  of  eaoh 
teat  group)  show  a  alight  reversal  in  the  goneral  trend  for  the  lowest  sloped 
loading  epootrum.  However,  the  change  in  slope  between  those  last  two  groups 
(030  and  031  in  Figure  10)  is  relatively  much  smaller  than  the  ohonges  among 
the  others  of  the  set.  The  trend  of  increasing  K-value  with  decreasing  slope  of 
the  loading  spectrum  is,  in  general,  stronger  than  the  scatter  (except  for  ths 
last  two  groups). 

Qroups  035,  036,  and  037  provide  a  similar  comparison  for  a  butt-joint  specimen 
of  7075-T6  Aluminum  Alloy.  The  trend  is  clearer  for  this  group,  there  being 
no  overlapping  of  the  minimum  and  maximum  K-^valuos  of  any  of  the  groups. 

Groups  032,  033,  and  03b  indicate,  for  7075-T6  aluminum  alloy  unnotohed  sheet 
specimens,  the  same  general  trend  of  Increasing  X-value  with  reduction  of 
loading  Bpectrua  slopo.  However,  the  variance  is  much  weaker,  and  there  is 
mere  overlap  of  minimum  and  maximum  values  of  the  groups  from  soatter.  Con¬ 
tributing  to  this  conclusion,  however,  is  the  relatively  small  difference 
in  slope  as  indicated  by  Figure  10. 

It  is  therefore  concluded  from  this  brief  study  tha,t  the  relative  maximum 
load  content  of  a  service  record  as  exemplified  by  the  mean  load  changes  and 
the  slops  of  the  statistical  load  froqucncy  spectrum  haa  an  important  influence 
on  the  fatigue  life  of  airframe  structure. 
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VARIATION  OP  THE  FATIGUE  QUALITY  INDEX 
WITH  DIFFERENT  LOADING  SPECTRA  SLOPE 


Test 

Slope 

No.  of 

Max*  X 

Qeometrio 

Min.  X 

Group 

Sequence 

Spec. 

Min.  Life 

Kean 

Max.  Life 

2024-T3  Double  SheAr  liiv'ited  Joint  -  2(3/l6)Rourtd  Head  Rivets 

G28 

High 

2  ■ 

X 

4.13  6 

,  ‘  3.97  6  ' 

3.82  6 

Lo-Hi-Lo 

c 

Life 

.324  x  10° 

.411  X  10°. 

.522  x  10° 

029 

High  Intermediate 
Lo-Hi-Lo 

3 

X 

Lire 

5.06  , 

3.20  x  10° 

4.70  r 

5.98  x  .106 

4.52  it 
4.708  x  10G 

030 

Low  Intermediate 

X 

7.73  6 

6.71 

6.29  6 

3 

Life 

13-69  x  10 

21,73  x  10° 

27.4  x  10° 

031 

Low 

Lo-Hi-Lo 

2 

K 

Life 

7.83  c 

62.4  x  10° 

6.59  6 

129.7  x  10° 

5.52  6 

270.0  x  10 

7075-16 

Butt  Joint  Specimens  5/32  CSX 

Rivets 

V\ 

o 

High 

li 

K 

3.69  6 

3.52  , 

2.9 9  x  10° 

3.30  6 

Lo-Hi-Lo 

Life 

2.05  X  10° 

4.03  x  10° 

036 

Intermediate 

9 

X 

3.98  6 

3.97  6 

3.96  6 

Lo-Hi-Lo 

(L 

Life 

27.00  x  10° 

27.56  x  10° 

20.10  x  10 

037 

Low 

9 

X 

4.59  $ 

4.41  i 

4.25  . 

Lo-Iti-Lo 

C 

Life 

72.75  x  10 

101.00  x  10 

140.00  v  10 

7075- 

■T6  Unnotched  Sheet 

032 

High 

9 

K 

1.91  , 

1.90  A 

1.89  z 
27.4  x  10° 

c 

Life 

24.1  x  10w 

25.71  x  10° 

033 

Intermediate 

2 

K 

Life 

2.22  , 

58.7  x  10° 

2.10  r 

75.875  x  10° 

1.98  6 
98.0  x  10 

034 

Low 

2 

X 

Life 

2.26  , 
127.00  x  10 

2.17  t 

152.00  x  10 

2.07  , 

181.00  x  10 

A3D  TR  5l  -  434 


17 


-  Slope  of  leading  Spectra  in  High  Stress  Range 

Variation  of  the  Test  Derived  Fatigue  Quality  Index  K 

of  the  Loading  Speotra 


FACTORS  OR  MARGINS  OF  SAFETT  TOR  FATIGUE 


Diagrams  of  the  type  of  Figure  7  are  often  used  for  discussion  on  the 
necessity  of  factors  of  safety  or  margins  of  safety-  on  fatigue  Itfte.  Diagrams 
of  the  type  of  Figure  8  are  correspondingly  used  for  discussions  of  factors 
or  margins  on  loads  or  stresses  to  achieve  the  same  end|  namely,  a  "safe-life" 
philosophy  of  design.  However,  there  ere  mapy  other  facets  of  the  problem 
which  must  be  considered  in  the  establishment  of  safety  factors.  A  brief 
discussion  of  some  of  these  facets  is  given,  although  it  is  not  the  purpose 
nor  within  the  scope  of  this  study  to  establish  factors  or  margins  of  safety  ' 
for  fatigue. 

Mission  Objectives  . 


The  trend  of  design  toward  achievement  of  higher  performance  goals  has  led 
to  an  over  highor  degree  of  specialisation.  For  each  najor  project,  there¬ 
fore,  the  subject  of  reassessment. of  factors  of  safety  in  relation  to  the 
specific  mission  oojectives  is  a  necessity. 

Fail-Safe  Philosophy  . 

One  of  the  most  important  aspects  to  be  considered  is  tho  "fail-safe* 
philosophy  Of  design.  The  "safe-life"  and  the  "fail-safe"  philosophy  have 
been  the  suojeot  of  considerable  controversy  in  the  past  by  proponents  of 
one  or  the  other  approaches  to  built-in  safety  in  tho  flight  structure. 

From  practical  considerations,  both  have  a  place,  they  are  not  mutually 
exclusive- philosophies,  and  evon  though  reliance  may  be  placed  on  a  "fail¬ 
safe"  approach,  the  fatigue  qualities  of  the  structure  cannot  have  ary 
less  degree  of  attention.  However,  in  the  case  of  successful  "fail-safe" 
design,  the  need  for  reliance  on  fir.igue  life  for  flight  safety  is  consid¬ 
erably  reduced.  The  consideration  of  factors  of  safety  on  fatigue  life 
thus  may  have  an  entirely  different  complexion  in  the  presence  of  a  "fail¬ 
safe"  structure  than  it  assuredly  must  have  in  a  "safe-life"  structure 
which  is  not  "fail-safe." 


Loads 

Hie  evaluation  dingra.-:!  referred  to  above  cover  only  a  portion  of  the  life 
prediction  process,  uncertainties  in  the  external  load  predictions  are  not 
contained.  The  external  loads  as  well  as  the  interrelation  of  the  static 
strength  level  loads  and  their  factors  of  safety  should  be  considered 
simultaneously  in  assessing  factor^  of  safety  for  designing  against  fatigue. 

Inspection,  Maintenance,  and  Repair 

Inspection,  maintenance,  and  repair  as  a  means  of  prolonging  indefinitely 
the  "fatigue  useful  life"  of  a  structure  is  another  important  subject,  often 
overlooked  in  the  assessment  of  factors  oT  safety  for  fatigue.  Catastrophic 
fatigue  cracking  of  major  structure  early  in  the  operational  life  of  a  fleet 
is  not  to  be  condoned.  On  the  other  hand,  an  airframe  used  long  enough  can 
be  expected  to  devolop  fatigue  cracks.  The  fatigue  characteristics  of  some 
materials  show  no  specific  endurance  Unit,  ami  the  severe  performance 
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requirements  of  flight  force  the  use  of  the  higiest  possible  deal  go  allowable 
tensile  stresses.  However,  means  are  available  for  designing  to  any  spocifio 
fatigue  life  required,  performance  permitting*  Scheduled  inspection,  main-* 
tenance,  and  repair  or  replacement  ul  component*  may  become  a  deliberate 
policy  In  tho  attainment  of  hitfier  performance  with  safety  fresa  fatigue 
problems.  Helicopter  parts  are  an  example. 


Test  Procedure! 


Factors  in  the  laboratory  testing  procedures  also  affect  tho  scatter  of 
results,  which  should  be  considered  in  assessing  factors  for  design* 
Constant  amplitude  loading  appears  to  give  wider  scatter  in  results  when 
compared  with  spectral  load  testing  techniques*  Notched  coupon-type 
specimens  appear  Also  to  give  wider  scatter  in  results  than  complex 
specimens  in  which  load  redistributions  may  take  place*  These  factors 
should  be  taken  into  account,  particularly  in  assessing  a  broad  range 
of  specimen  types  and  loadings  as  represented  in  the  Figures  5  ami 
6  of  the  methods  evaluation  phase  of  this  studty** 


It  may  be  concluded,  therefore,  that  the  results  of  this  study  demonstrates 
a  need  for  factors  or  margins  of  safety  in  certain  classes  of  structures 
Cnor.-f4Ll-s.fa).  Hovaver,  additional  considerations  are  necessary,  some 
of  vhLch  are  .specific  for  each  type  of  project,  an  evaluation  of  the 
noed  and  the  particular  values  for  factors  of  safety  should,  therefore, 
bo  a  process  in  the  establishment  of  design  criteria  for  each  project. 
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CONCLUSIONS  OF  1H3  EVALUATION  STUDY 


from  considerations  of  the  problems  involved  in  the  prediction  of  fatigue  life 
of  airframe  structure  when  thio  process  is  us^d  as  a  tool  for  the  prevention 
of  fatigue,  failures  in  an  operational  fleet,  and  based  on  the  test  data  utilized 
in  this  evaluation,  the  following  conclusions  nay  be  drawn. 

1*  The  Lirmar  Cumulative  Damage  Method  is  currently  the  most  practical, 
simple,  and  yet  versatile  method  available  and  his  sufficient  accuracy 
commensurate  with  the  other  uncertainties,  such  as  service  load  history, 
not  included  in  tills  evaluation. 

The  Stress  Concentration  Factor  ilothod  of  refined  stress  analysis, 
coupled  with  &  fatigue  damage  tSoory  "such  as  the  linear  cumulative 
damage  hypothesis  used  in  this  evaluation,  is  shown  to  bo  loaa  than 
adequate  as  a  fatigue  life  prediction  method.  However,  since  theso 
procedures  usually  are  the  only  means  available  for  preliminary 
design  assessments,  thoir  use  must  be  followed  up  by  devolotiaont 
tests  of  fatigue  critical  areas. 

Development  tosts  of  fatigue  critical  Joints  and  structural  discon¬ 
tinuities  are  required  to  aasof.3  a  fatigue  quality  of  the  structure 
uhich  is  as  yot  not  attainable  by  theoretical  moans.  To  achiove 

satisfactory  reliability  from  the  laboratory  results,  the  critical 

areas  of  the  spocinon  mutt  be  as  exact  a  simulation  of  tho  critical 
area  as  possible,  including  local  eccentricities,  supports,  manufac¬ 
turing  proccosca  and  finishes,  local  attachments  for  secondary 
elements,  etc.,  and  should  alao . include  a  nominal  area  of  surrounding 
■structure  for  load  and  stress  monitoring  and  for  comparing  ths  joint 
results  with  the  fatigue  life  of  the  nominal  structure,  if  tills  is 
required.  These  development  tests  must  encompass  tho  full  range  of 
load  magnitudes  expected  in  service  to  properly  assess  location  of 
.  .  cracks,  crack  growth,  and  final  fracturo.  Chile  the  objectives 

of  thoss' boat*  might  be  achieved  by  constant  load  amplitude  s-N 
type  tests  or  the  full  spectral-type  toots,  thnro  is  considerable 
evidence  (rcforonco  20)  for  recommend) ng  the  latter. 

3*  fhg,_Patigu_q  yuaiity  Index  Procedure,  which  was  originally  a  means  of 
Interpreting  spectrum-typo  fatigue  toots,  is  investigated  as  a  tust- 
Ls. led  metuod  of  fatiguo  life  prediction.  A  spectrum  test  result  io 
analysed  by  tho  linear  cuir.ilat.lvo  da-mago  equation  coupled  with  a 
fixed  standard  sot  of  S-N  data  to  define  which  K -value  of  mho  set 
will  make  tho  cumulative  da/cage  summation  exactly  unity.  For  auccesa  as 
a  fatigue  liic  prudiction  method,  tho  tost— clo  fined  K— value  ohould  bo 
Invariant  for  similar  types  of  toot  spectra  applied  to  identical 
specimens.  Study  of  tho  applicable  test  data  shows  this  not  to  be 
the  cans.  Further  exploration  is  therefore  nocosaary  to  determine 
whot.hrr  a  corn ’ ■.♦•'r.t  ►rorv?  arista  which  might  bo  used  as  an  adjustment 
factor  to  improve  the  life  prediction  process. 

Tho  Tangent  Intercept  Ifcthod  downy  tr  a  tod  tho  largest  degree  of 
unconsorvubisra  wfian  appliaeTto  those  toot  date.  Graphical  limitations 
make  this  method  impractical  to  handle  tho  more  complex  composite  loading 
histories,  often  at  several  different  mean  load  levels  in  each  flight. 
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5*  Shanley*s  "2X"  Mat  hod  of  nonlinear  cumulative  damage ,  based  on  &  more 
accelerated  ratu  of  crack  growth  than  hla  "IX"  mothod,  demonstrated  a 
larger  degree  of  conservation  than  all  oth»r  methods  investigated, 

6.  The  remaining  prediction  methods  which  were  evaluated  (Lundberg's  ?FA 
method*  Shanley'a  "IX",  and  the  generalised  Henry  method)  all  chow  rel¬ 
atively  email  differences  in  reliability  of  life  prediction,  considex-ing 
the  lerg»  uncertainties  remaining,  for  inotance,  in  the  service  loads,  and  ■ 
operational  hlatory,  The  limitations  of  mathematical  curve  fitting  in 
some  of  these  methods  and  the  complexity  and  lack  of  statistical  inform¬ 
ation  for  other  methods  preclude  their  widespread  application  for  aircraft 
fatigue  life  prediction, 

7»  The  assessment  of  reliability  on  the  scale  of  the,  stress  adjustments 
necessary  to  achieve  exact  prediction  of  the  fatigue  test  results  show,  . 
generally  the  same  relationship  amonj  the  various  methods. as  for  the 
scale  of  life  cycles,  Howevor,  as  would  be  expected,  far  less  absolute 
deviation  occurred  on  the  stress  adjustment  scale  than  on  the  life 
.  cycle  .scale,  ■ 

8,  The  results  of  this  atiudy  demonstrate  a  need  for  factors  or  margins  of 
safety  iri. certain- closves  of  structures  (non-fail  safe).  However, 
additional  considerations  ir?  necessary,  some  of  which  arc  spooific  for 
oach  type  of  project.  An  evaluation  of  the  need  and  the  particular 
values  far  factors  of  safety  should,  therefore,  be-a  process ‘in  tho 
establishment  of  design  criteria  for  each  project. 
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SECTION  IV 


INVESTIGATION  ok  the  influence  of  spectrum 

SHAPE  ON  PATIG'JS  LIKE  PREuImONS 

Baaed  on  the  teat  data  available,  the  evaluation  study  of  fatigue  life  pred¬ 
iction  methods  discussod  in  Section  in  arrived  at  two  basic  conclusions, 
first,  when  adequate  S-N  data,  is  available  on  the  speoific  structure,  fatigue 
life  prediction  under  corplex  loading  spectra  by  the  simple  linear  cumulative 
damage  procedure  is  of  sufficient  accuracy  commensurate  with  other  intangibles 
remaining  in  tho  problem.  Secondly,  the  direct  use  of  the  fatigue  quality  index 
procedure  was  shown  to  be  less  capable  of  analysing  different  spectra  of  loads 
applied  to  identical  specimens.  Whils  some  of  the  discrepancy  is  attributable 
to  artificial  test  variables,  sufficient  variation  remains  to  indicate  a  consid¬ 
erable  influence  from' the  statistical  load  frequency  content  as  exemplified  by 
the  spectrum  shape  (slope). 

It  Is  the  purpose  of  this  section  of  the  study  to  explore  the  olroumstences  of 
this  difference  in  fatigue  life  predictions  for  similar  structure  tested  under 
different  shaped  loading  spectra.  The  objective,  is  to  determine  whether  any 
regularity  in  tho  trend  of  fatigue  life  with. shape  of  loading  spectra  exists 
which  might  bo  used  an  an  empirical  adjustment  factor  to  improve  tho  predict¬ 
ability  undor  different  types  of  loading  spectra.  An  experimental  program  was 
conducted  to  generate  data  for  this  purpose. 

EXPERIMENTAL  PROGRAM 

The  experimental  program  was  conducted  in  two  parts  to  provide  evidence  for  this  . 
study.  The  first  part,  using  simple  notched  sheet  coupons  of  7075-T6  aluminum 
alloy,  explored  a  variety  of  test  spectra  shapes  including  tho  uso  of  the  original 
random  load  record  from  which  the  ordered  loading  spectra  was  derived.  Tho  remits 
of  these  tests,  reported  in  detail  in  Appendix  0,  arc  analysed  in  this  section  of 
the  report.  The  second  part  of  the  experimental  program  who  conducted  on  speeiiwna 
of  a  complex  joint  design  to  dotermine  whethor  the  results  of  the  coupon  test  pro¬ 
gram  could  be  reproduced  in  complex  structure  moru  representative  of  contemporary 
aircraft.  These  results,  reported  in  detail  also  in  Appendix  D,  ar.*  analyzed  in 
the  following  section  of  this  report. 


FATIOUE  TEST  EQUIPMENT 


A  magnetic  tape  controlled  fatigue  loading  machine  w..s  asitimLled  from  available 
equipment.  The  system  consisted  essentially  o:‘  a  magnetic  tape  playback  unit, 
associated  electronic  amplifiers,  calibration  equipment,  load  monitoring  tape 
recording  system,  and  an  oscillograph.  The  amplified  magnetic  tapo  load  demand 
signal  was  fed  through  a  summing  junction  to  a  hirhly  sensitive  olcctrohydrauli© 
servo-valve  which  controls  the  pressure  on  onch  sido  of  a  17,000  lb.  capacity* 
double-acting  hydraulic  loading  jack.  i'he  fatigue  tort  specimen  was  coupled  to 
the  hydraulic  jack,  in  series  through  a  calibrated  electrical  atrain-gace  load- 
measuring  call.  Tho  instantaneous  load  signal  from  tho  monitoring  coll  was 
amplified  and  fed  through  a  specially  tailored  lead  network  to  the  tape  demand 
signal  summing  Junction.  Tho  error  between  the  measured  load  signal  and  the 
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demand  signal,  suitable  amplified,  was  applied  to  the  servo  valve  In  a 
direction  to  reduce  the  error  to  zero.  This  negative  feed-back  loop 
stabilizes  the  system  >ip  to  relatively  high  frequence  of  load  application, 
in  this  case  approximate!)'  60  cps  for  simple  loading  Coras.,  determined 
primarily  by  the  (dynamics  of  the  mechanical  system  and  ths  hydraulic  flow 
characteristics  of  the  valve  and  associated  power  supply. 

While  most  of  tho  equipment  i3  of  commercially  available  units  and  the  test 
arrangement  is  simple  and  straightforward,  the  precision  and  repeatability, 
demanded  for  quality  results,  require  considerable  efforts  to  develop  control, 
maintenance,  calibration,  and  monitoring  techniques  to  a  satisfactory  degree 
of  reliability.  Theoe  techniques  consist  essentially  of  careful  calibration 
of  each  set-up,  and  recording  sampling  load  monitoring  tapes  which  are  counted 
on  the  electronic  analogue  computer  set  up  for  this  purpose.  The  test  data 
records  reported  herein  are  based  on  the  load  cell  monitor  count.  The  details 
of  the  equipment  and  a  description  of  the  complete  test  technique  are  more 
fully  outlined  in  Appendix  M,  Part  2.  Figures  11,  12,  and  13  illustrate  the  • 
test  equipment,  electronic  control  system,  and  a  tost  specimen  in  place.  Figure 
lii  illustrates  tho  precision  finally  achieved  by  comparing  the  calibrated  load 
'cell  output  with  the  demand  signal  applied  to  the  servo  valye  input  terminals, 

COUPON  TEST  SPgglKEMS 

The  test  specimens  for  the  first  phase  of  thl3  program  wero  made  of  a  three- 
inch-  wide  strip  of  P. Ol^O-inch  thick  7075-T6  aluminum  alloy  sheet.  Material 
Spec.  Qv-A -277.  Static’. tensile  properties,  taken  in  the  longitudinal  grain 
direction,  are  reported  in  Appendix  0,  Part  2,  for  samples  from  each  sheet, 
purchased  for  this  program.  V.  i  tensile  test  specimen  conformed  to  A3?M 
standard  Ed-5'/T.  These  results  indicate  adequate  uniformity  and  conformity 
of  this  material  to  the  specification  standards. 

The  specimens  wero  notched  by  a  series  of  central  holes  designed  for  two 
values  of  •  U  and  7.  The  a  intensions  wore  as  Indicated  in  figure  15. 

Floating  edge-grow/ed  stiffener  blocks  wore  installed  to  prevent  buckling 
under  the  maximum  compressive  loads. 

TSST  SPECTRA  U.'J  aAGMFTIC  TAPE 

A  simple  reproduced  from  a  short  3  ongth  of  an  actual  load  trace  from  a  B-l*7 
aircraft  flying  in  turbulence  is  shown  In  Figure  16.  The  general  charac¬ 
teristics  of  varying  magnitude  cyclic  load3  are  apparent,  along  with  other 
irrtg iltriL Los  of  a  nonrepetitlve  nature.  There  have  been  a  number  of  methods 
proposed  to  reduce  this  type  of  load  record  to  ordered  cyclic  load  frequency 
spectra,  throo  of  which  were  explored  in  some  detail  in  the  research  program 
reported  in  reference  5>  A  lino  through  tho  average  of  the  amplitudes  of  a 
short  length  of  trace  defines  the  local  mean  static  load  measured  from  * 
calli/ruted  reference  line.  Perhaps  the  simplest  of  the  counting  methods  is 
the  mean  crossing  peak  count  which  records  each  excursion  from  the  local 
mean  line  to  a  Maximum  peak  and  return  to  the  next  c-osctny  of  the  mean  line 
is  one  half  cycle  of  load,  ignoring  any  secondary  excursions  within  the  time 
interval  of  mean  Hue .crossings.  For  records  of  sufficient  duration,  varying 


magnitudes  of  positive  peaks  and  negative  peaks  ars  substantially  equal  in 
number.  Positive  and  negative  half  cycles  are  regrouped  to  forn  full  cycles* 
These  cycles  are  rearranged  in  order  of  magnitude  and  plotted  in  emulative 
load  frequency  form  as  illustrated  in  Figure  17*  The  majority  of  service 
loading  data  is  customarily  reported  in  this  fam* 

The  other  counting  methods  that  were  investigated*  the  range  count  and  the 
interval  crossing  count,  are  defitmd  in  detail  in  reference  5*  For  the 
available  loading  traces,  these  were  shorn  to  be  equivalent  to  the  mean 
crossing  peak  count  method  described  above.  For  this  reason  all  the  spectral 
fatigue  results  of  this  report  are  recorded  in  the  farm  of  mean  crossing  peak 
counts. 

Analogue  computing  components  ware  assembled  to  perform  the  counting  prooedure 
as  described  in  Appendix  0,  Part  2.  The  computing  techniques  were  calibrated 
against  an  average  of  several  manual  counts  of  approximately  five  minutes' 
length  of  the  B~k7  wing  root  bunding  moment  record,  which  had  been  recorded  on 
oscillograph  paper  for  this  purpose* 

The  relatively  short  length  of  B-h?  data  record  (ninety-six  minutes)  produced  a 
continuous  frequency  distribution  spectra,  with  no  gaps  and  discontinuities  in 
the  load  intervals.  However,  tho  record  was  modified  to  provide  a  variety  of 
spectra  more  suitable  for  testing*  The  modifications  arc  discussed  below* 

1.  The  varying  component  of  load  was  recorded  separately  from  the  local 
mean  loud  so  that  independent  amplification  ratios  could  be  applied 
to  each  load  channel.  An  inequality  of  tho  maximum  negative  and  the 
maximum  positive  load  was  equalized  by  nonlinear  re-recording* 

2.  The  varying  spectra  of  leads  wore  extended  in  length  by  linear 
amplifications  and  splicing,  and  was  modified  by  special  nonlinear 
amplifications  to  introduce  the  seldom  encountered  higher  loads  found 
on  longer  records.  The  technique  used  in  producing  this  maater  gust 
spectrum  tape  is  describe  i  in  detail  in  Appendix  0*  Part  2. 

3.  During  testing,  suitable  linear  amplification  ratios  wora  used  to 
produce  hi^h-slopo  high  peak  spectra,  as  illustrated  "In  Figure  18. 

li.  Nonlinear  amplification  of  the  V'rying  load  record  changed  the  spectrum 
shape  to  be  pre>'k  "inutcly  concave  downward  as  illustrated  in  Figure  18. 

5.  The  use  of  a  diode  rectifier  suppressed  all  negative  load  peaxs  and 
resulted  in  u  master  record  substantially  representative  of  the  random 
positive  maneuver  excursion;;  from  a  constant  minimum  load  level.  The 
spectrum  shape  was  modified  by  non-linear  amplification  to  produce  the 
characteristics  of  the  maneuver  spectrum  of  opacification  MjlL-A-0366, 

Doe  Figure  1?.  t.  sui.iplo  of  the  resulting  random  military  maneuver 
leading  trace  is  given  in  Figure  20.  This  type  of  trace  represents 
the  true  random  maneuver  loading  sequence  denoted  in  Figure  25* 

6,  Jnit  stop  spectra  w *re  constructed  and  recorded  cn  tape,  from  that  average 
fatigue  life  on  tho  various  random  mean  crossing  peak  count  curves  of 
each  type  of  spectrum,  by  the  breakdown  illustrated  in  Figure  21.  The 
unit  spectrum  sizes  were  1/10  and  1/20  of  the  total  random  test  life. 
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a rA  the  stress  interval  vae  1000  psi  In  each  block  else.  One  add* 

1'i.ional  combination  w aa  produced  with  hOOO  pel  et-rans  Interval  and 
1/20  block  size,  as  illustrated  la  Figure  22.  A  typical  trace  of 
an  ordered  step  or  Lo-Hi  loading  spectru*  o/  a  gust  history  is  shown 
in  Figure  23.  The  unit  maneuver  spectrum  size  was  1/20  of  the  total 
random  teat  life  with  »Wesm  intervale  of  either  1000  or  liOOO  pal* 

A  sample  of  an  ordered  military  maneuver  loading  trace  is  shown  in 
Figure  2i*»  and  the  ordered  or  Lo-Hi  maneuver  loading  sequence  is 
illustrated  in  Figure  25. 

7*  Ordered  composite  gust  and  ground  loading  wav  simulated  as  sketched 
schematic/1  ly  la  Figure  26,  based  on  the  1/20  unit  speotruro  block 
size  end  1000  psi  stress'  interval.  The  load  activity  was  the  same 
as  far  the  random  composite  testa  In  Reference  5  with  approximately 
11  to  12  gust  loads  per  flight  and  approximately  6  to  7  taxi  loads 
por  flight.  Test  group  CQii  had  approximately  100  gust  loads  and  10 
ground  taxi  loads  per  flight. 

8.  Random  composite  maneuver  loading  and  ground  taxi  loading  were  simu¬ 
lated  by  running  the  master  random  maneuver  tape  during  the  flight 
portion  and  switching  to  the  master  gust  random  tape  at  the  mean  load 
level  and  amplification  commensurate  with  ground  taxi  loads.  The 
load  activity  was  approximately  30  maneuver  loads  and  approximately  35 
taxi  loadings  per  flight.  A  trace  of  this  record  ie  shown  In  Figure 
27.  Only  those  tests  ore  used  that  vero  deemed  of  sufficient  duration 
to  provide  adequate  statistical  sampling  of  both  tha  maneuver  and 
ground  (gust)  records. 

The  results  of  the  fatigue  testa  conducted  are  tabulated  and  plotted  in  Appondi) 
D,  Part  2. 

ANALYSIS  OF  THIS  COUPON  TEST  DATA 

Miner’s  method  was  applied  to  the  unit  spectra  using  the  specific  S-N  data  for 
these  coupons  from  Appendix  D.'  The  resulting  predictions  are  compared  with 
teat  results  in  Tables  U  and  5  and  in  Figures  37,  38*  and  39*  Tha  fatigue  life 
predictions  by  Miner’s  method  for  these  coupons  are  in  goneral  less  conservative 
tnan  tha  results  of  the  application  of  this  method  to  the  test  data  from  the 
literature.  This  is  Illustrated  in  Figure  UO  by  the  comparison  of  curve  number 
2  with  curve  number  1  taken  from  Figure  7  of  Soctlon  III.  The  largest  degree 
•of  uncon3ei vatisn  is  shown  for  coupons  of  Ky  •  7*00  loaded  with  the  ground  taxi 
spectra  at  compressive  mean  stress  levels  of  f  *  -3000  psi.  (Test  group 
numbors  T1  and  T2.)  ® 

The  effects  of  the  shape  of  the  loading  spectra  on  fatigue  life  predictions  by 
the  Fatigue  Quality  Index  method  was  Investigated  in  two  ways! 

X.  Adjustment  of  the  Fatigue  Quality  Index  by  a  function  of  the  slope 
of  the  air  loading  spectrum  in  the  high  stress  range# 

2.  Adjustment  of  the  Fatigue  Quality  Index  by  a  function  of  the  elope 
of  the  air  loading  spectrum  in  the  stress  range  of  maximum  fatigue 
damage  as  denoted  by  the  largest  cycle  ratio  /J2\  in  the  unit 
loading  spectrum.  ^Hxtax 
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The  slope  of  the  air loading  portion  of  each  spectra  is  plotted  as  a 
function  of  the  varying  stress  level  for  gust  and  maneuver  type  loading 
spoetra  in  Figures  .30  and  31,  respec Lively,  and  for  composite  gust  and  com¬ 
posite  maneuver  load  spectra  in  Figures  >2  and  »,  respectively. 

The  test  results  of  Groups  Q7U,  079,  and  c8l  were  selected  to  provide  the 
.  empirical  adjustment  function  for  the  variation  of  the  Fatigue  Quality  Index 
with  the  slope  of  the  test  spectra.  The  test  results  of  each  of  the  three 
shapes  of  loading  spectra  in  Figure  16  were  used  to  derive  the  Fatigue  Quality 
Index  for  the  coupon  specimen  of  K-p  ■  h»  The  geometric  moan  of  the  Quality 
Index  for  the  test  groups  07 h,  079*  and  031  are  plotted  in  Figure  28  as  a 
function  of  the  slope  of  the  varying  load  spectra  at  90*  of  the  maximum  peak 
load  applied*  Figure  29  is  a  graph  of  the  same  test,  derived  Fatigue  Quality 
Index  values  plotted  as  a  function  of  the  slope  of  the  loading  diagrams  in 

the  region,  of  the  stross  level  for  maximum  oaloulatod  fatigue  damage, 

To  predict  the  fatigue  life  of  similar  specimens  tested  under  other  types  of 
loading  spectra,  the  slope  of  the  new  unit  loading  spectrum  is  determined  at 
the  appropriate  stress  level,  for  examplo,  at  the  level  of  9C#  of  the  maximum 
applied  load  in  the  sequence.  At  this  value  of  slope,  the  corresponding  Fatigue 
Quality  Index  read  from  Figure '28  establishes  the  standard  S-N  curve  set  that 
Is  to  be  used  in  the  prediction  of  fatigue  life  by  the  linear  cumulative  damage 
procedure.  This  is  accomplished  for  twelve  sat3  of  data  in  Table  6,  including 
low  slope  gust  spectra,  composite  gust  and  ground  load  spectra,  and  composite 
maneuver  and  ground  load  spectra.  These  predictions  are  graphically  compared 
with  the  corresponding  test  results  in  Figures  37  to  39,  The  degree  of  conser¬ 
vatism  is  indicated  in  Table  6  by  the  ratio  of  tost  fatigue  life  to  predicted 
fatigue  life.  These  degrees  of  conservatism  are  ranked  in  asoending  order,  and 
the  percentage  of  the  total  number  of  samples  equal  to  or  loss  than  a  given 
degree  cr  Tonservatism  is  determined  and  plotted  as  a  function  of  that  degree 
of  oon-w.  /atiam  as  curve  No,  U  in  Figure  uO. 

The  second  procedure  of  adjustment  is  not  quite  so  direct.  As  indicated  in 

Table  7  and  Figure  35*  the  stross  level  of  the  maximum  cycle  ratio  is  a 

function  of  the  Quality  Index  which,  from  Figure  29,  is  a  function  of  the 
slope  of  the  loading  spectra  at  the  stross  level  for  maximum  cycle  ratio. 

The  graphical  procedure  illustrated  in  Figure  36  was  used  to  determine  the 
compatible  stress  level,  slope  of  the  loading  spectra,  and  Fatigue  Quality 
Index.  As  an  example.  Figure  36  illustrates  the  procedure  for  Test  Group  No, 

066.  Arbitrarily  chosen  Fatigue  Quality  Index  values  were  utilised  to  obtain 
the  stress  level  at  which  the  maximum  cycle  ratio  exists  for  the  unit  loading 
apeotra.  Those  values  of  stress  level  are  plotted  as  a  function  of  the  chosen 
Quality  Index,  K,  in  the  center  graph  of  Figure  36.  The  slope  of  the  loading 
spectra  is  given  as  a  function  of  the  varying  stress  level  in  the  graph  to  the 
left  of  Figure  36  (see  Figures  30,  31*  32,  and  33  for  slope  data  from  other 
loading  spectra).  Values  of  slope  "h"  and  Quality  Index  "K"  are  determined 
at  several  trial  varying  3tre  33  levels  a,  b,  and  c,  from  the  left  and  center 
graph  as  indicated,  and  these  values  are  cross  plotted  on  the  right  hand  graph 
at  points  a,  b,  and  c.  The  intersection  of  the  interpolating  curve  abo  with 
the  curve  of  Figure  29  provides  the  value  of  the  Fatigue  Quality  Index  compatible 
with  the  other  parameters  as  desired. 
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The  adjusted  value  of  the  Fatigue  Quality  Index  Is  usod  to  predict  Fatigue 
livos  of  those  specimens  with  the  standard  set  of  S-Il  data  as  in  the  normal 
procedure*  Results  of  life  predictions  for  thirteen  of  the  sixteen  groups 
of  coupons  of  this  series  are  given  in  Table  6.  Two  cases  (075  and  G8Q) 
provided  no  compatible  values.  A  third  case  (CM1)  was  of  a  slope  beyond  the 
range  of  the  control  test  data  of  Figure  29  and  was  therefore  omitted. 

The  comparison  of  thoso  predicted  results  with  their  test  results  is  given 
in  Figures  37*  30,  and  39*  The  ratio  of  the  tost  life  to  the  predicted  life 
is  determined*  ranked,  and  the  percentage  of  the  total  number  of  samples 
exceeding  a  given  dogree  of  conservatism  is  plotted  as  a  function  of  that 
degree  of  conservatism  as  described  previously.  This  is  Curve  No.  5  in 
Figure  UO, 

l'he  basic  version  of  the  Fatigue  Quality  index  procedure  was  also  applied  to. 
these  coupon  data,  The  Fatigue  Quality  index  values*  derived  from  the  26 
groups  of  coupon  test  results  by  the  uoe  of  the  standardized  3-N  curves*  ate 
listod  in  Tables  8  for  simple  gust  type  spectra  of  various  shapes  and  in 
Table  9  for  the  simple  fighter  maneuver  and  the  ground-taxi  type  of  loading 
spectra,  and  for  the  composite  gust  and  the  composite  maneuver  flight  type 
of  loading  spectra.  The  minimum,  the  maximum,  and  the  geometrical  mean  of 
the  test  derived  Fatigue  Quality  Index  are  given.  In  addition,  the  ?QI 
value  from  the  first  specimen  of  each  group  is  given.  Its  purpose  is  to 
assess  the  effectiveness  of  a  reduced  number  of  test  results  in  the  evalua¬ 
tion  of  other  loading  spoctra  on  similar  soecimens.  This  is  of  importance 
in  consideration  of  large  size  specimens,  components,  and  full-scale  atrframo 
tests  in  which  only  one  specimen  may  be  economically  feasible. 

Comparison  may  be  made  of  the  results  of  Test  Oroupo  066  through  69  which  ar» 
low  pbak  load,  low  slope  gust  spectra  (at  a  low  moan  stress  level)  with  those 
of  Test  Croups  072  through  075  which  are  high  peak  load,  high  slope  gust  spectra 
(with  a  high  mean  stress  level)  on  the  3ame  type  specimen  (KT  ■  h,).  This 
comparison  indicates  a  considerable  variation  in  the  derived  Fatigue  Quality 
index.  A  life  prediction  derived  from  a  test  of  the  low  slone  variety  of  gust 
spectrum  would  under-prediot  the  result  of  the  high  slope  gust  spectrum  where¬ 
as  the  reverse  situation  would  provide  .in  unconsorvatlve  prediction.  It  was 
not  possible  to  evaluate  the  results  of  the  specimen  of  Kf  »  7.0  because  the 
derived  Fatigue  Quality  index,  in  most  cases,  exceeded  the  maximum  scale 
value  of  K  •  6.O. 

The  comparison  of  the  test  derived  rQI  values  for  the  first  specimen  of  each 
of  theue  two  simple  gust  groups  shows  a  similar  trend.  For  the  low  slope 
spectra  the  geometric  mean  of  the  first  specimen  rQI  values  is  5«U6  which  com¬ 
pares  well  with  the  geomotric  mean  of  the  means  of  all  spocimens  of  this  group 
which  is  A  •  5 »U5*  even  though  by  chance  the  first  specimen  of  the  first  group 
was  the  maximum  value  of  all  in  this  group.  The  similar  comparison  for  the 
high  slope  group  has  a  geomotric  mean  of  the  first  specimen  of  K  ■  li,U3  to 
compare  with  the  geometric  mean  of  tho  m-.ans  for  all  the  specimens  of  this 
group  of  i£  -  U- S3-  The  first  specimen  basis  for  lifo  predictions  In  this  case 
would  be  only  slightly  unconsorvativo. 

The  two  groups  G78  and  G7?  (concave  -.toward  loading  spectra)  and  G30  and  GSl 
(concave  downward  loading  spectra)  show  a  somewhat  reversed  trend  from  that 
discussed  above  in  that  the  concave  upward  group  has  a  relatively  higher 
Fatigue  Quality  Index  value  although  this  spectra  has  higher  peak  stresses 
and  slope  than  the  concave  downward  loading'  spectra. 
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The  simple  fighter  maneuver  spectra  test  results  from  groups  MlU,  M15.  and 
M16  show  derived  fatigue  Quality  index  values  more  closely  approximating 
the  concave  upward  gust  spectra  (group  G?Q  and  G79)  than  any  of  the  others* 
However,  the  results  of  these  simple  maneuver  spectra  encompass  the  widest 
scatter  of  all  the  groups.  The  values  of  the  Fatigue  Quality  Index  range 
from  the  minimum  of  £  »  ).60  to  the  maximum  of  K  ■  7*10*  *" 

The  derived  FQI  values  for  the  composite  test  results  bear  no  close  corres¬ 
pondence  to  their  counterparts  in  the  simple  spectrum  groups.  From  Tables  8 
and  9,  compare,  for  instance,  groups  G66  through  G69  with  composite  gust 
Group  C01  (low  slope  soectra)  and  groups  G72  through  075  with  composite 
gust  groups  C03  and  C0I4  (high  peak,  high  slope  spectra),  and  the  fighter 
maneuver  groups  Mlh,  MLS  and  Ml6  with  the  composite  maneuver  group  CM1* 

Fatigue  life  predictions  are  made  in  Tsble  10  for  the  composite  loading  ' 
spectra  by  the  use  of  the  derived  Fatigue  Quality  Index  value  from  the 
first  coupon  specimen  result  of  the  corresponding  simple  spectra  of  flight 
loads.  As  indicated  these  results  were  unconservatlvt'  in  the  composite  tests 
by  approximately  121  of  the  predicted  value  for  the  low  olopc  gust  spectra,  U} 
to  60%' of  the  prediction  for  the  high  slope  gust  spectra  and  33$. of  the  pn»d» 
lction  for  the  maneuver  spectra.  Comparisons  in  Tables U  ana  5*  of  the  fatigue 
life  predictions  for  these  same  groups  by  Miner's  methoa  utilising  the  specific 
S-M- curves  for  those  coupons  show  only  moderately  impro-ed  r redictions*  This 
is  a  fundamental  result  inherent  in  the  test  data  which  none  of  the  life 
prediction  methods  studied  in  this  report  can  cope  with  Ln  their  current  form. 

To  determine  the  effectiveness  of  a  Fatigue  Quality  Index  derivod  from  a  gust 
test  spectra  as  a  mtans  of ' predicting  the  fatigue  life  of  coupons  under  maneuver 
typo  spectra.  Table  11  was  prepared.  This  comparison  indicates  results  ranging 
from  relatively  conservative  predictions  to  values  of  teat  results  of  half  the 
predictions.  While  this  range  of  the  ratios  of  toot  life  to  predicted  life  i* 
within  the  normal  scatter  band  of  other  prediction  methods,  this  data  group  is 
much  too  small  for  reliance. 

An  unexpected  result  of  this  series  of  tests  is  indicated  in  the  comnariwons 
shown  in  Table  12.  The  flight  portion  of  the  composite  spectrum  tests  is 
compared  with  the  simple  spectrum  tost  roault-s  for  corresponding  types  of 
loading.  The  ratio  of  the  number  of  cyci.eo  of  flight,  loadings  in  the  composite 
spectrum  test  to  the  number  of  cycles  of  loading  rn  the  simple  spectrum  teat 
may  be  considered  to  bo  the  damage  fraction  for  this  portion  of  the  loading. 
Assigning  the  remaining  fraction  (  1»,;\D^(.^  to  the  rest  of  the  loadings. 

and  noting  that  the  damage  due  to  ground  taxi  loadings  in  relatively  a.ruU, 
the  gvound-air-tran ait  Ion  cycle  is  ween  to  be  a  predominant  producer  cf  fatigue 
damage.  This  portion  or  the  loading  i3  soon  to  provide  .vwrcxlmately  $0*  to 
73$  of  the  total  damag  •  ratio  for  this  series  of  tests.  The  importance  of  this 
transition  cycle  is  thus  ostablisnud  on  an  experincntal  basis.  Reviewing  the 
results  in  Table  5  of  the  simple  linear  cumulative  damage  procedure  (Miner's 
method)  utilizing  the  specific  S~K  data  for  these  specimens  indicates  that  the 
effect  of  the  ground-air  transition  cycle  is  not  predictable  by  this  method 
either.  The  test  results  vary  unconservattveiy  from  approximately  2U$  to  86% 
of  the  predicted  value. 


A6D  TH  oi 


T 


.601  Ream 
.598  1  Hold 


in Drlu 


.199  Heaa 
7201  2  places 

(typ.) 


Kj  ■  3,0 


Kj  ■  2<«0 


77= 

is??  :f 1 

j  1 _ 


.052  Rean 
!^''".053  2  places 

~A\  (typ.) 

^  t-SplII  Drin 

J  .162  Drill 

«170  2  places 
Si/  (typ*> 


*t  "7*0 


rf  — '-.026  Ream 

•027  2  places 
(typ.) 

- Drill 
.26 

.211  Drill 

,191  2  Place#  (tjj.) 

.112  Drill 

.092  2  Place#  (typ.) 

Kt  -  10.0 


Note*  All  Dimension#  Oivon  In  Inches 

MATERIAL!  7075-?6  Bare  Aluminum  Alloy  Sheet  ( ,0l*  inches  thick) 
PATRZCATTOffi  Specimen  Hlanks  sheared  to  Sisa 
Holos  Drillod  and  Reamed 
ftirra  Removed  by  Light  Stoning 


Figure  15.  Notched  Sheet  Test  Coupons 


ASD  TE  61  -  UJU 


ASD  TR  61  -  U3ii  ' 


i 


65 


Scheaa„ic  of  High  Peak,  Concave  Upward  and  Concave  Downward  Gust  Loading  Spectra, 
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Cuaulative  Frequency  of  Occurrence 

Figure  15  Conparison  of  Military  Maneuver  Loading  Spectra*  with  Distribution 
Specified  in  XIL-A-8S66  for  Class  "A*  Aircraft  ' 


Figure  20  Staple  of  Bandog  Military  Maneuver  Loading  Trace 


Low-High  Sequence,  Small  Stress  Interval,  Small  Unit  Spectrum 


Low-High  Sequence,  Largo  Streso  Interval,  Small  Unit  Spectrum 


Low-High  Sequence,  Snail  Stress  Interval,  Large  Unit  Spectrum 


Figure  22.  Schematic  Representation  of  Sequence 

Stress  Interval,  and  Unit.  Spectrum  Sise 


Ordered.  Military 


Figure  2 $.  Schematic  D  lag  vaiuij  or  Maneuver  Loading  Sequences 
for  Coupons 
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TABUS  It 


v: 

FATIGUE  LIVES  PREDICTED 

.t . 

**  1 

n 

Test 

■ 

Croup  Sequence 

"  < 

No. 

Geometric 
Me an  of 
Test  Life 
(10°  cycles) 


066 

True  Ranion 

l.65o 

U.296 

067 

Lo-Hi 

1.230 

.668 

a68 

Lo-Hi 

h.165 

3.07a 

’a69 

Lo— Hi 

6.005 

3.178 

G70 

True  Random 

.229 

.aaa 

071 

Lo-Hi 

.255 

.518 

G72 

True  Random 

.359 

.290 

073 

Lo-Hi 

•  2li8 

.0*99 

07U 

Lo-Hi 

,579 

.353 

075 

Lo-Hi 

.27U 

.196 

076 

True  Random 

.057 

.057 

077 

Lo-Hi 

.058 

.055 

Q78 

True  Random 

.270 

. 

.317 

079 

Lo-Hi 

,80t 

.U53 

080 

True  Random 

.193 

.082 

081 

Lo-Hi 

•llii» 

.052 

Predicted 
Life 

(106  cycles)  11 
Minor's  Method 


L  Tost 
L  Fred. 


M 

1.01a 

1.355 

1.890 

M 

.h92 

1.238 

2.505 

l.tltO 

1.398 

1.000 

1.055 

.852 

1.775 

2.351 

2.769 


)UND, 


Tost 
IJL'  Prod. 


1.780 

1.133 

.769 

.078 

.112 

.271 

.238 

.597 

.862 

.611 
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Figure  28.  Variation  In  Quality  Index  (K)  with  slope  of  gust 
loading  spectra  in  the  high  stress  range. 
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Figure  2?  Variation  in  Quality  Index  (K)  with  Slope  of  Gust 
Loading  Spectra  in  Mtdatreas  hange  of  Maximum  Cal¬ 
culated  Fatigue  Damage.. 
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Varying  Stress  versus  Slope  of  Gust  Loading  Spectra 


Figure  31  Vf  ying  Stress  versus  Slope  of  Maneuver  Load.:,-  Spectra 


Strese  versus  Slope  oC  Composite  Maneuver  Spectrum 
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Loading  Spectra  and  the  Corresponding  Curves  for  Fatigue  Damage  at 


Illustration  of  procedure  used  to  correlate  quality  index  and  elope  of  loadine 
spectra  in  streua  range  of  maximum  fatigue  damage. 
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FATIGUE  LIVES  VREDICTED  FDR  WNEUVER  AND  COMPOSITE  PANEUVrh  SPECTRA  ON  COUPONS 
{•■ROM  QUALITY  INDEX  FOR  FIRST  SPECIMEN  IN  A  GUST  SPECTRUM 


Test 
Group 
No . 


Geometric 
Mean  of 
Test  Life 

t  1 


Based  on  Low  Peak  Oust 
Spectrum  _ 

V,  ,  ?>’LTost 

,  Tred  - 


tcr  ‘X  .  LTest 

(^O6  Cycles)  _ (10^  Cycles,  ,T^ 

. . .  .  '  K  -  5.01* 


Oased  on  Hijrh  Peak  Oust 
3pi,‘Ctrum_ 

N.  Nr  ~  . 

IjPred 

(10°  Cycles) _ h?XQ$~. 

K  -  2* *73**." 


Milt 

.027 

.015 

1.800 

.017 

1.508 

mi5  - 

.  .oUi 

.012 

1.167 

.013 

1.077 

Ml  6 

.012 

.016 

.750 

.018 

.667 

CM1 

.011 

.019 

.579 

.022 

.500 

*  K  for  first  specimen  in  Test  Group  No.  060  (Specimen  No.  372) 
*»  K  for  first  specimen  in  Test  Group  No.  G7lj  (Specimen  No.  313)' 
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CODING  IN  FIGURES  FOR  COUPONS  AND  PANELS 
(All.  Predictions  are  B-t sod  on  Linear  Cawilative  Damage.) 

Meaning 


Qeometric  moan  of  test  data. 

Scatter  band  for  teat  data. 

Prediction  based  on  actual  S-N  curve  for  specimen  configuration 
(Coupons).  (Miner's  Method) 

Prediction  based  on  stahdardizwd  S-N  curves  with  adjustment  in  K 
for  slope,  of  loading  spectra  in  the  mid-stress  range.  (Coupons) 

Prediction  based  on  standardized  S-N  curves  with  adjustment  in  K 
for  slope  of  loading  spectra  in  the  high  stress  range.  (Coupons) 

Prediction  based' on  standardized  S-N  curve  corresponding  to  the 
Quality  Index  for  tho  first  specimen  in  a  simple  gust  spectrum. 

a)  S-N  data  based  on  stresses  for  minimum  gross  area. 

1)  Quality  Index  for  first  panel  in  gust  spectrum. 

2)  Quality  index  for  first  coupon  in  a  low  peak  gust  spectrum. 

3)  Quality  index  for  first  coupon  in  a  high  peak  gust  spectrum. 

b)  S-N  data  based  on  stresses  for  local  gross  area  in  fractured 
structural  clement.  (Panels) 

Prediction  based  on  standardized  S-N  curve  corresponding  to  the 
Quality  Index  for  the  first  specimen  in  a  simple  maneuver  spectrum. 

a)  S-N  data  based  on  stresses  for  minimum  grass  area.  (Coupone 
and  panels) 

b)  S-N  data  based  on  stresses  for  local  gross  area  in  fractured 
structural  element.  (Panels) 
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Figure  37.  Comparison  between  Predicted  and  Experimental 
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Figure  39  Comparison  between  Predicted  and  Experimental 
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Cumulative  Distribution#  for  the  Ratio  of  Test  Life  to  Predicted  life 


SECTION  V 


ANALYSIS  OF  COMPLEX  JOINT  SPKCIiftfl3 


Many  of  the  problems  of  full  scale  complex  structure  are  not  present  in  the 
simple  notched  strip  coupon-type  specimen  used  in  the  majority  of  research 
projects  for  reasons  of  economy.  To  determine  the  effectiveness  of  the 
selected  life  prediction  method  on  specimens  more  representative  of  aircraft 
structure,  a  series  of  spectrum-type  fatigue  tests  was  conducted  en  a  splice 
design  adapted  from  an  integrally  stiffened  tension  surface  of  a  current  wing 
structure.  A  splice  joint  is  made  of  two  panels  consisting  of  machined  plates 
of  7075-T6  extrusion  material  approximately  six  inches  wide,  each  containing 
throo  vertical  stiffeners  which  run  out  or  taper  off  into  a  tongue  flange 
across  the  width  of  the  plate3.  A  double  butt  splico  is  formed  by  a  flush  re- 
cessed  outer  surface  splice  plate  and  an  inner  too  splice  plate  with  on 
integral  flange  for  a  rib  connection.  Attachments  are  by  twelve  one-quarter 
inch  diameter  Hi-Lok  fasteners,  six  on  eoch  side  of  the  splice*  The  neutral 
axis  location  throughout  the  longth  was  carefully  tailored  in  the  aircraft 
design  to  reduce  as  much  as  possible  eccentrically  induced  bending  stresses* 

Tho  recessed  outer  splice  plate,  in  addition  to  providing  flush  aerodynamic 
surfaces,  also  aid3  materially  in  achieving  a  uniform  load  axis..  Tho  details 
of  the  panel  are  sketched  in  Figure  hi  . 

The  panels  wore  to  bo  tosted  in  on  adaptation  of  the  magnetic  tape  controlled 
fatigue  tost  machine  described  in  tho  preceding  section.  Two  electro-servo 
controlled  loading  jacks  were  coupled  in  tandom  to  operate  on  one  magnetic 
tape  demand  aignul,  providing  3h,000  lb.  load  capacity.  Thia  proved  insuffi¬ 
cient,  however,  when  the  first  panel  had  not  failed  after  approximately  350 
applications  (over  S.25  x  10^  cycles)  of  the  unit  low  peak-law  slope  gust 
spectra  illustrated  in  Figure  1*2 ,  After  careful  inspection  of  thi3  panel 
had  revealed  no  visible  damage,  it  was  reassembled  in  the  large  500,000  lb* 
fatigue  machine  illustrated  in  Figure  1*3.  Tho  principle  of  operation  of  this 
machine  is  illustrated  schematically  in  Figure  1*1*.  Static  loading  was  applied 
to  determine  tho  ultimate  strength  of  the  panel  as  a  guide  to  stress  levels  to 
apply  in  tho  remaining  fatigue  tests. 

Pertinent  data  ore  a3  follows t 

Static  failure  load  ■  66,000  lbs* 

Minimum  gross  area  -  0.815  in.®  (Section  BB  in  Figuro  1*1  ) 

Minimum  gross  area  ultimate 
tensile  strength  ••  81,000  psi 

The  remaining  panels  were  fatigue  tested  in  tho  largo  5>00,000  lb*  fatigue 
machine  (Figuro  1*3)  as  described  in  detail  it*  Appendix  D  Fart  3»  Two  addi¬ 
tional  panels,  No.  11  and  12,  were  accidentally  destroyed  by'  compression 
collapse  through  malfunction  of  a  loading  valve  in  tho  hydraulic  loading 
system. 
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Figure  U3  Two-Joint  Test  Panel  As Mobiles  Installed  in  Tandem 
in  a  Lockheed  500> 000-pound  Fatigue  Test  Machine 
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Eight  of  the  twelve  panels  successfully  fatigue  tested  were  apportioned  Tire  to 
the  unit  gust  spectra  that  is  illustrated  in  Figure  U2,  and  three  to'  the  unit 
maneuver  spectra  in  Figure  i*5.  The  remaining  four  were  tested  two  to  the 
composite  gust,  ground  taxi,  and  mean  load  level  ground-air  transition  cyclo 
shewn  in  Figure  U2  and  two  to  the  composite  maneuver,  ground  taxi,  and  siean 
load  level  ground-air  transition  cycle  shown  in  Figure  h5.  The  spectral  test 
results  are  presented  in  terms  of  minimum  gross  area  stress  in  Tables  99  to 
10 U  and  Figures  179  to  1&  of  Appendix  D,  Fart  3.  These  same  t«3t  results  are 
also  presented  in  terms  of  gross  area  stress  at  the  point  of  fracture  in  Tables 
106  to  HO  of  Appendix  D.  Photographs  of  the  various  types  of  failures  that 
occurred  are  also  presented  there* 

In  fcho  composite  testa,  the  gust  loading  activity  was  approximately  12  loads 
per  flight  along  with  approximately  6,5  ground  taxi  loads  por  flight.  Tho 
maneuver  load  activity  was  30  loads  per  flight  along  with  35  ground  loads  per 
flight.  In  both  cases,  the  ground-air  cycle  applied  was  tho  mean  ground  load 
transition  to  the  mean  flight  load.  These  loads  Yrero  grouped  into  ordorod  step 
spectra  broken  down  to  approximately  2000  to  2.500  psi  3trosa  intervals  in  the 
gust  and  ground  taxi  loadings,  and  approximately  5500  psi  intervals  for  the 
maneuver  loadings.  Block,  sizes  varied  from  l/ii8th  to  l/60Oth  of  the  final 
teat  life  for  tho  simplo  ordered  spectral  loading  tests.  However,  due  to  the 
unexpectedly  shorter  tost  life  under  the  composite  loadings,  these  block  sizes 
were  from  l/5th  to  l/10th  of  tho  final  test  life.  Tho  low-to-high  load  sequence 
was  applied  within  the  block  interval.  Further  test  dotails  are  given  in 
Appendix  D  Part  3. 

GROUND-AIR  TRANSITION  CYCLE 

The  importance  of  the  ground-to-air -to -ground  transition  cyclo  discussed  in 
connection  with  the  analyeis  of  tho  coupon  data  in  Section  17  was  confirmed  hy 
these  tests  of  tho  complex  joint.  The  following  comparison  is  developed 
relating  the  geometric  mean  of  tho  number  of  flight  cycles  in  tho  composite 
tests  to  tho  geometric  mean  of  tho  number  of  flight  cycles  of  a  simple  spectrum 
tests 

TABUS  lip  INFLUENCE  OF  GROUND-AIR  TRANSITION 
Sim  pi  e~5  p  act  ra  j  ‘  CdmpculteTpcctra  "  ~  T'  1 

Panel  or  j  NL  (teet)  |?^el  , N£TtVat)  tJL  (composite)  .  Kl  (coniDositol 


(Group) 

Nuabers 

h 

5 

6 


NL(teet)  ^anol_or,NLTteot)  tJL  ( commits)  ,  KL  (comoosit 
(106  j  do6  w..)  Ml  (simple)  (al,pl<>) 


.872* 

.298 

.tl21 

.li7U 

.391* 


Assuming  the  ratio  of  the  number  of  flight  loading  cycles  In  the  composite 
test  to  the  number  of  cycles  in  the  simple  spectrum  test  to  be  representative 
of  fatigue  damage  done  by  the  flight  loads,  the  residual  damage  due  to  other 
than  flight  loadings  of  the  composite  spectra  is  seen  to  be  O.Ud  for  the  gust 
loading  case  and  0.66  for  the  fighter  maneuver  east**.  Since  it  is  known  that 
the  damage  contributed  by  the  ground  taxi  portion  of  the  spectra  la  relatively 
small,  it  can  be  concluded  that  the  ground-air-ground  transition  cycle  per 
flight  is  the  oredominant  contributor  of  this  residual  damage.  It  should  be 
noted  also  that  the  mean  ground  load  to  moan  flight  load  level  as  used  in 
these  tests  is  a  minimum  (conservative)  definition  of  this  transition  cycle 
per  flight,  l'ho  predominance  of  the  ground-air  transition  would  be  expected 
to  vary  with  the  flight  duration,  reducing  in  importance  with  increased 
duration  to  the  flight  phase  per  landing.  The  gust  loading  spectra  of  these 
tests  represents  relatively  short  range  flights;  the  fighter  maneuver  activity, 
however,  is  moderately  high  for  long  time  average  usage. 

HIKER’S  METHOD 

There  were  no  specific  S-/1  data  available. for  this  joint  design,  consequently 
Miner's  method  of  simple  linear  cumulative  damage  could  not  be  directly  applied. 

FATIGUE  QUALITY  INDEX  PROCEDURE  •  • 

Since  a  consistent  influence  of  the  shape  or  slope  of  the  cumulative  load 
frequency  spectrum  on  the  Fatigue  Quality  index  was  not  apparent  In  the 
analysis  of  the  coupon  data  discussed  in  the  previous  section,  this  type  of 
analysis  was  not  applied  to  the  data' from  the  complex  Joint  tests.  Hovcvor, 
several  combinations  of  the  Fatiguo  Quality  Index  procedure  wore  applied. 

The  Fatigue  Quality  Index  was  derived  for  each  of  the  test  groups  utilizing 
the  standardized  S-H  data  in  the  usual  manner.  Each  of  two  base  stress  levels 
was  used: 

Stress  Basis  I.  Minimum  gross  area  stress  in  the  uniform  panel  adjacont 
to  the  joint, 

Stress  Baals  II.  Actual  gross  area  stress  through  the  section  of  fracture. 

The  derived  FQI  values  for  Stress  Basis  I  are  given  In  Table  IS,  while  those 
for  Stress  basis  II  are  given  in  Table  16,  Examination  of  these  values  shows 
the  genoral  separation  of  the  groups  by  the  type  of  load  spectra.  In  both 
bases  of  stress  definition,  the  simple  and  composite  gust  loading  values  of 
K  are  similar  within  moderate  scatter,  and  the  simple  and  compo3lto  maneuver 
loodlng  values  are  similar  to  each  other  but  considerable  different  than  the 
values  from  the  gust-type  spectra  tests. 

The  Fatigue  Quality  Index  is  seen  to  be  not  invariant  as  would  be  required  for 
satisfactory  predictability  of  fatigue  life.  However,  for  similar  spectra 
the  predictability  of  variations  on  the  basic  load  frequency  spectrum  is  of 
intorost,  Ths  large  leverage  factor  between  the  Fatigue  Quality  Index  value 
"K"  and  the  corrospondltig  fatigue  life  In  number  of  cycles  makes  difficult 
the  assessment  of  predictability.  Therofore,  several  combinations  of  Fatigue 
Quality  Index  calculations  were  made  to  compare  with  the  test  results. 
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FATIGUE  QUALITY  INDEX  FROM  FIRST  PANEL  TEST  RESULT 

A.  SIMPLE  GUST  SPECTRUM 

Patigtr*  life  predictions  based  on  a  single  specimen  test  result  are  an 
Important  consideration  f  or  large  component  and  airframe  fatigue  teste 
in  which  more  than  one  specimen  i3  economically  unfeasible.  This 
investigation  therefore  utilises  the  results  of  the  gust  epootrum 
test  on  Panel  No.  it  to  derive  the  Fatigue  Quality  Index  with  tho 
standardized  S-N  curves.  This  valuo  of  Quality  Index  is  used  to  pre¬ 
dict  the  fatigue  life  of  each  specimen  under  the  composite  gust, 
simple  maneuver*  And  composite  maneuvor  load  frequency  spectra. 
Comparison  of  these  predictions  with  the  test  results  is  given  in 
Table  17  for  both  bases  of  stress  definition. 

The  composite  gust  fatigue  life  by  tost  is  approximately  63.9  per  cent 
and  75.8  per  cent  of  tho  prediction  when  based  on  tho  Fatigue  Quality 
Index  for  the  simple  gust  load  spectra  and  tho  minimum  gross  area 
stress  outside  tho  joint  (Stress  Basis  I).  ffhon  the  stress  is  defined 
by  the  gross  area  at  the  point  of  fracture,  'the  tost  result  is  17.6 
per  cent  to  30«b  por  cent  of  tho  prediction. 

The  simple  maneuver  loading  results  are  conservatively  predicted  by 
the  Fatigue  Quality  Index  from  the  simple  gust  spectrum  tost  rosulfc, 
by  factors  of  10.5  to  7^.5  times  tho  predicted  lifetime  by  tho  minimum 
gross  area  Stress  Basis  I.  The  corresponding  composite  maneuver  test 
result  is  6.36  to  8.07  times  the  predicted  value  on  tno  samo  stress 
basic.  However,  on  the  basis  of  tho  3tress  through  the  point  of 
fracture  (Stress  Basis  II),  tho  simplo  maneuver  load  apeotrum  test 
results  were  from  23 »h  per  cant  of  prediction  (unconsorvative)  to 
206  per  cent  of  prediction  (conservative),  whorcas  the  composite 
maneuver  load  spectra  test  result  was  only  5.2  per  cent  arid  58.8  per 
cent  of  tho  predicted  lifetime  (unconsorvative)  on  this  stress  basis. 
Those  variations  in  predictability  are  much  greater  than  the  tost 
scatter  within  each  group. 

B.  SIMPLE  KAN  SUV  HI  SPECTRUM 

The  first  tost  result  from  a  simple  maneuver  loading  spectrum  (Panel 
No.  7)  was  also  used  to  derive  a  Fatigue  Quality  Index  with  the 
standard  3-N  curves  for  use  in  predictions  of  the  panel  fatigue  life 
under  the  composite  maneuver  loading  spectra.  Those  results  are 
shown  in  Table  18.  Predictions  for  both  bAses  of  stress  definition 
were  uncor.servavLve,  comparing  test  lives  with  approximately  5,2  pur 
cent  and  6.6  per  cent  of  the  predicted  values  for  a  panel  interpreted 
for  each  stress  basis  and  U8.1i  por  cent  And  61,6  per  cent  for  the 
alternate  panel  in  each  case.  This  wide  divergence  is  groator  than 
tho  tost  scatter. 

The  results  of  these  predictions  are  graphically  compared  with  the  tost 
rosults  from  each  of  the  panels  in  Figurr  1|6,  Too  fow  test  results 
wure  available  to  justify  tho  statistical  rank  ordering  of  the  ratio  of 
tost  life  to  predicted  life  as  was  done  for  the  more  numorous  coupon 
test  data. 
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Figure  U6.  Comparison  between  Predicted  and  Experimental  Fatigue  Lives 
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CONCLUSIONS  FROM  THE  PANEL  TESTS 

The  analysis  of  the  spectral  fatiguo  testa  conducted  on  the  complex  panelo 
result  irr  the  f<t22<nrltng  conclusion?. 

1.  The  influence  of  the  ground-air-ground  transition  cycle  which  occurs 
once  per  flight  was  found  to  be  important  In  reducing  the  fatigue  life 
of  these  joints  when  compared  with  the  results  of  similar  panels  tested 
by  the  flight  load  spectra  alono.  This  confirms  the  conclusions  reached 
in  the  analysis  of  the  coupon  test  results. 

2.  A  Fatiguo  Quality  Index  derived  from  the  first  test  result  of  a  simple 
gust  spectrum  by  use  of  standard  S-N  curves  was  used  as  a  test-based 
fatigue  life  prediction  procodure  for  other  types  of  loading  spectra. 

The  predictions  were  somewhat  unconservative  for  composite  gu3t  load¬ 
ing  spectra  which  tncludod  the  ground-air-ground  cycle  based  on  the 
mean  ground  to  mfcan  flight  load  transition.  When  based  on  the  minimum 
gross  area  stress  adjacent  to  the  joint,  this  Fatiguo  Quality  Index 
produced  unduly  conservative  predictions  for  both  the  simple  and  the 
composite  fighter  maneuver  test  results.  When  based  on  the  gross  area 
tlirough  the  point  of  fracture,  they  were  both  conservative  and  uncon¬ 
servative  for  the  simple  maneuver  results  and  unconservatlve  for  the 
composite  maneuver  results. 

3.  The  use  of  a  Fatleue  Quality  Index  derived  from  a  simple  fighter  maneu¬ 
ver  test  spectrum  was  unconservative  in  predicting  the  composite 
fighter  maneuver  which  contained  the  ground-air  cycle  basod  on  the 
transition  of  mean  ground  to  moan  flight  load. 
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The  main  difficulty  in  the  task  of  the  prediction  of  fatigue  life  lies  in 
the  definition  of  a  fatigue  quality  of  complex  structure.  This  quality 
embodies  an  integration  of  the  dual  effects  of  a  complicated  localized 
internal  stress  history  and  the  physics  of  the  creation  and  propagation  of 
a  fatigue  crack.  The  problem  is  complicated  by  a  very  complex  loading 
history,  plastic  yielding  at  peak  stress  points,  progressive  work,  hardening 
<€  .■•'me  materials,  changing  residual  stress  patterns,  nonlinear,  nonrepeat— 
ablo  slippage  of  friction  Joints,  redistribution  of  local  internal  loads, 
and  nun,1,  other  factors  not  amenable  to  analytical  treatment.  Means  of 
•nalvtic.il  prediction  of  this  fnh'cue  quality  of  a  complex  structure  will 
s  >t  i ike ■  /  tie  available  in  the  near  future.  The  statistical  nature  of 
»  »ny  facets  •  '  the  fatiiuo  probl-  .1  precludes  hope  of  any  -.pecific  fatigue 
life  pr edit" 1 1  n  of  a  slurbs  article.  The  Lest  that  can  L:  achieved  la 
bi  ■•d  uumparl  >«  of  the  expectations  "f  now  structure  cr.-r.parod  with  current 
and  .-an!  fleet  p«r/o  lance.  However,  the  problem  of  '‘afgua  coni  r 0.1  is 
amenitilu  to  s  lullou. 

Art  e-igimsai  J  13  e-*al"  •  >  ■  <u  of  the  Liable  ueaot.ioal  .  V.ods  of  l'atLguu  life 
pi  edict. i>>n  w  a  »  iftdili  ted  by  the  a:  yl  Icution  of  selected  procedures  to  a  large 
ii  V  **,  e.  I  in.  t..  I  fatigue  tc  t  r<  suits.  Ki  om  tins  stud,  th<’  use  of  tho 
Line*  tumuiatb  •  '  image  ltypoth  si  ,  Is  r  ecu  mimic  lined  at  test  <jai l T : from  tho 
at  »ndi  >i  it  uf  at  ,.ll«.it.v ,  ver-.atil  Uv ,  and  of  fluff  1  -M^nt  accurar  /  {in  view 
r»f  ether  intangU  »s  In  Uin  problem)  fur  use  in  throe  irci'i  of  derLgnt 

1 .  V-  » lim >  •  lor^  Uo sign 

The  bt- '’5:1  Luncontjo1  1  >n  Method  (essentially  a  ri*fin'  I  method  of 
atxesn  un.i  lyrilfl)  mu  d.  he  coupled  with  a  damage  theory  to  constitute 
a  life  uruulctlun  ii.uthnd.  Mm  d.ueet  use  uf  thenrutLcel  (or  photo— 
ei-istvc  >*r  experimental)  elastic  stress  corieetit.-ation  'aitorii  coupled 
V’th  the  linuar  cumulative  damage  procedure  is  inadoqua  a  arvl  may 
pi  i':dc  misleading  comparisons.  Therefore,  dovelr  ;>rr.ent  teat  of 
futiguc-criticul  areas  are  required. 

•* •  Ihi vti lupi'ifj lit  To i its 


The  development  lusts  are  an  important  link  in  any  system  for  the 
control  of  fatigue  cracks  in  fleet  operations.  The  specimens  must 
be  complete  in  -all  fatigue-critical  details.  Where  feasible,  constant 
amplitude  S-N  type  tests  may  bo  conducted  to  provido  specific  S-N 
data  for  fatigue  life  predictions  by  the  simple  cumulative  damage 
procedure.  This  requires  a  considerable  number  of  identical  specimens 
for  any  rcaonable  degree  of  confidence.  Where  constant  amplitude  S-N 
typo  testing  la  not  economically  feasible  (for  large  size  specimen, 
component,  or  airframe  testing)  it  is  recommended  that  spectral  typo 
teats  impose  t.ho  full  range  of  loading  anticipated  for  operational 
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service*  Spectral  tests  results  are  known  to  depend  on  aaqy  variables 
and  assumptions  made  in  the  reduction  of  service  loading  records  to 
practical  test  loading  history*  Some  of  these  include  unit  spectrua 
size  and  stress  Interval  size,  both  of  which  should  be  made  relatively 
small  iblock  rise  1/2Q  or  loss  of  anticipated  lifef  stress  interval 
1000-2000  pal).  Flight  by  flight  load  sequence  is  one  means  of  avoid¬ 
ing  arbitrary  definitions  of  the  ground-air-ground  transition  cycle* 

The  sequence  of  the  higher  loads  in  the  schedule  has  a  large  influence 
on  the  results;  if  applied  early  in  the  loading  history*  the  test  life 
may  be  unconservatively  prolonged.  Only  the  Henry  Method,  extended  for 
more  general  application, had  the  potential  of  accounting  for  block  size 
and  loading  sequence,  however,  for  the  test  data  used  in  this  evalua- 
tion,  the  Generalized  Henry  Method  offered  no  overall  improvement  over 
the  more  simple'  Linear  Cumulative  Damage  Hypothesis.  This  problem  can¬ 
not  bo  satisfactorily  resolved  until  sufficient  statistical  information 
on  the  sequence  of  occurrence  of  the  highest  loadings  13  made  available 
from  service  records. 


An  interpretation  of  the  full  spectrum  type  fatigue  test  is  outlined 
by  a  special  application  of  the  Linear  Cumulative  Damage  Procedure  it) 
connection  with  a  standardized  set  of  S-fJ  curves..  The  procedure  is 
to  find,  by  interpolation,  which  set  of  K7  curves  from  the  standardized 
group  is  required  to  make  the  cumulative  damage  equation  exactly  unity 
for  the  total  applied  teat  history.  This  K-value  defines  the  Fatigue 
Quality  Index  demonstrated  by  the  specimen  under  these  test  conditions, 

3*  Analysis  of  Service  History 

Many  intangibles  remain  in  tha  laboratory  test  based  analysis  system, 
including  the  wide  rar.go  of  operational  loads  in  service,  amonc  others. 

It  Is  necessary,  therefore,  to  maintain  a  comparative  base  in  service 
history  by  the  consistent  application  of  ar\y  analysis  system  to  labora¬ 
tory  tests  of  structure  which  has  a  known  operational  history  -  both 
successful  and  unsuccessful.  This  is  most  Important  in  the  establish¬ 
ment  of  the  fatigue  quality  acceptance  standards  for  new  structure* 

Tho  application  of  the  Linear  Cumulative  Damage  procedure  in  the  prediction 
of  the  fatigue  life  of  airframe  structure  a3  described  haa  many  unexplored 
areas.  Une  of  the  most  pertinent  questions  raised  is  the  validity  of  the 
extrapolation  of  one  or  a  few  test  results  to  other  loading  conditions.  The 
experimental  program  conducted  for  this  study  explored  briefly  the  Influence 
of  the  statistical  load  content,  as  exempllf ied’by  the  shape  of  tho  cumulative 
load  frequency  spectra,  on  the  Fatigue  Quality  Index  derived  from  tho  tests 
and  their  use  in  a  test-based  fatiguo  life  prediction  method  for  loading  spectra 
of  other  shapes,  n  number  of  different  loading  spectra  were  applied  to  notched 
7072-T6  aluminum  alloy  coupon  specimens,  Including  both  the  random  loading 
sequences  based  on  actual  flight  load  measurements,  and  various  ordered  cyclic 
loading  spectra  derived  from  this  flight  record,  and  from  various  modifications 
of  it. 
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A  new  magnetic  tape  controlled  fatigue  teat  machine  and  auxiliary  equipment 
was  assembled  and  testing,  calibration,  monitoring  and  maintenance  techniques 
perfected  to  precisely  reproduce  almost  any  desired  loading  record  which 
could  be  imposed  on  magnetic  tape* 

The  experimental  data  derived  from  these  tests  were  analyzed  to  determine 
what  correlation,  if  any,  existed  between  the  derived  quality  index  values  and 
the  slopes  of  the  various  loading  spectra,  and  whether  there  was  any  trend  that 
could  be  used  as  a  corrective  step  for  the  Improvement  of  the  fatigue  life 
prediction  method.  The  slopes  of  the  loading  spectra  were  measured  both  at 
the  high  stress  region  and  in  the  mid-stress  level  in  the  region  of  the  maximum 
computed  damage  ratios.  Fatigue  life  predictions  using  the  experimentally 
derived  relationship  between  spectrum  slopes  and  the  quality  index  were  compared 
with  the  normal  predictions  based  on  the  fatigue  quality  index  derived  from  the 
first  test  result  of  a  group. 

The  second  group  of  experiments  was  conducted  on  a  complex  Joint  specimen 
representative  of  contemporary  aircraft  construction.  Except  for  one  specimen, 
these  tests  were  conducted  in  a  $00,000  lb.  resonant  pendulum  type  fatigue 
tost  machine.  The  same  step-ordered  cyclic  load  spectra  were  used  as  for  some 
of  the  coupon  experiments.  These  included  gust  type  spectra  of  various  slopes 
and  maneuver  type  loadings,  and  two  composite  spectra  of  ground  taxi  loads, 
ground-to-air  cycles  based  on  the  transition  from  ground  mean  .load  to  flight' 
mean  load,  and  containing,  in  one  case  spectra  of  high  pealc-hlgh  slope  flight 
gust  loads,  and  in  the  other  case  spectra  of  military  maneuver  flight  loads. 

From  an  analysis  of  the  experimental  results  of  coupon  tests,  no  consistent 
trend  In  the  derived  fatigue  quality  index  could  be  developed  as  •  function 
of  the  slope  of  the  various  loading  spectra  curves  in  either  the  high  stress 
region  or  the  mld-stross  range  of  maximum  computed  fatigue  damage. 

Fatigue  life  predictions  of  coupon  typo  specimens  loaded  by  composite  spectra, 
including  a  ground-to-air  transition  based  on  the  mean  load  level,  from  a  test 
derived  fatigue  quality  index  based  on  a  simple  spectrum  test  of  similar  spec¬ 
imens  loaded  only  by  the  flight  portion  of  the  spectrum  of  loads  were  less 
conservative  than  predictions  by  the  simple  linear  cumulative  damage  hypothesis. 
Thl3  conclusion  is  equally  applicable  for  gust-typo  loads  or  for  military 
maneuver-type  flight  loads. 

The  use  of  a  fatigue  quality  index  based  on  a  gust-type  test  to  predict  the 
fatigue  life  of  specimens  loaded  by  military  manduvor-type  spectra  was  not 
satisfactory. 

These  conclusions,  with  respect  to  the  Fatigue  Quality  Index  procedure  Initially 
basod  On  coupon  tests,  were  confirmed  by  a  brief  series  of  tests  on  a  complex 
joint  specimen* 

A  general  observation  is  made  that  the  scatter  of  coupon  data  obtained  by 
spectrum-type  tests  is  aomsvhat  smaller  than  the  scatter  obtained  in  the  con¬ 
stant  amplitude-type  tests,  and  that  the  scatter  in  results  of  the  limited 
number  of  complex  Joints  under  spectral  loading  is  even  loss  than  that  on 
coupons  tested  by  oither  constant  amplitude  or  spectral-typo  loading.  This 
may  be  significant  in  any  study  which  might  be  conducted  to  establish  factors 
of  safety  or  margins  of  safety  on  fatigue  loads  or  lifo.  It  is  suggested  that 
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these  factors  or  margins  of  safety  for  fatigue  cannot  be  established  from  a 
stuc^f  of  fatigue  results  alone*  but  must  be  considered  in  perspective  with 
many  other  considerations  such  as  static  design  criteria,  fail-s.afa  philo¬ 
sophy,  and  Inspection,  maintenance,  and  repair  policy,  as  well  as  performance 
penalties  which  might  accrue.  These  considerations  are  beyond  the  scope  of 
this  study* 
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Based  on  the  test  data  applied  in  the  engineering  evaluations  conducted  in 
this  stwty  and  the  analysis  of  the  experimental  results  generated  for  the 
investigation  of  extrapolations  of  a  test-basod  fatigue  life  prediction 
method  for  airframe  structure,  the  following  conclusions  may  be  drawn. 

1*  When  satisfactory  constant  amplitude  S-N  type  data  can  be  provided 
for  the  specific  structure,  the  Linear  Cumulative  Damage  procedure 
Is  recommended  for  its  simplicity,  versatility,  and  sufficient 
accuracy  commensurate  with  the  data  currently  available  for  this 

type  of  analysis. 

2 •  Development  tests  are  required  for  all  fatigue-suspect  areas  of  the 
structure.  Either  constant  amplitude  S-N  type  tests  or  full  load 
range  spectrum-type  tests  can  be  used  for  this  purpose* 

3.  An  important  link  in  a  fatigue  quality  control  system  is  the  establish 
ment  of  realistic  fatigue  quality  acceptance  standards.  Those  should 
be  based  on  the  consistent  analysts  of  laboratory  test  results  of  struc¬ 
ture  with  known  service  history,  both  successful  and  unsuccessful. 

It.  For  spectral  type  tests,  the  technique  for  load  simulation  such  as 
unit  spectrum  block  size,  stress  intervals,  and  the  order  in  which 
the  higher  peak  loads  appear  Ln  the  sequence. of  loading  has  an  import¬ 
ant  bearing  on  the  fatigue  life  predictions  based  on  test  results. 

The  unit  block  size  and  the  stress  intorval  should  bo  relatively 
small.  The  question  of  where  in  the  sequence  of  loading  to  place  the 
highest  loads  cannot  bo  satisfactorily  resolved  until  this  type  of 
statistical  information  is  made  available  from  service  records.  A 
compromise  Is  to  place  the  highest  loads  approximately  into  the  mid¬ 
range  of  the  anticipated  life  sequence. 

5.  A  special  use  of  the  Linear  Cumulative  Damage  procuduz’e  in  the  inter¬ 
pretation  of  teat  results  undor  complex  composite  sroctral-type  loading 
histories  Is  a  useful  tool  to  accomplish  two  functions} 

a.  To  provide  a  simple  index  number  on  a  scale  of  fatlguo  quality 
by  which  various  structures  may  be  compared  and  evaluated 
against  fatigue  quality  acceptance  standards  established  by 
similar  consistent  analysis  of  service  history. 

b.  To  provide  a  tost  basis  for  tho  extrapolation  of  fatigue  life 
predictions  of  complex  structure  under  other  similar  loading 
spectra  than  the  specific  test  condition,  when  specific  constant 
amplitude  S-N  type  data  cannot  be  made  available. 

6.  Test  results  indicate  that  the  ground-air-ground  transition  cycle  which 
occurs  once  per  flight  has  a  strong  influence  in  reducing  the  fatigue 
life  of  coupons  and  complex  panel  specimens  when  compared  with  spectral 
tests  with  flight  loads  alone. 
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7.  The  use  of  simple  gust-typo  spectral  test  results  to  derive  a  Fatigue 
Quality  Index  is  loss  adequate  for  the  life  prediction  of  gust-type 
composite  spectrum  tests  which  include  ground  taxi,  and  ground-air 
transition  cycles  as  well  as  flight  gust  loads.  The  same  conclusion 
is  made  £ot *  the  military  maneuver-type  loading  conditions.  The  us® 
of  a  Quality  Index  derived  from  a  simple  gust  loading  condition  vas 
completely  inadequate  to  predLct  the  fatigue  life  of  specimens  under 
military  nanouvor-type  of  loads,  and  vice  versa.  More  experimental 
data  are  needed  to  explore  the  problems  of  composite  loading.  In  th® 
meantimo,  it  is  concluded  that  development  tests  should  contain  th® 
best  possible  representation  of  all  loads  expected  in  service,  flight 
by  flight  spectral  loading  technique  is  recommended  to  avoid  arbitrary 
definition  of  the  ground-air-ground  transition  cycle, 

8.  A  versatile  magnetic  tape  controlled  fatigue  test  machine  is  now  avail¬ 
able  with  adequate  calibration  and  monitoring  techniques  for  precisely 
reproducing  onto  tost  spocimons  actual  flight  records  and  almost  any 
simulation  of  ordered  loading  spectra  whl^h  may  be  required. 
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APPENDIX  A 


DESCRIPTION  OF  FATIGUE  LIFE  PREDICTION  METHODS 


A  surrey  of  the  literature  revealed  some  sevontoon  procedures  by  different 
authors  dealing  with  somo  aspect  of  fatigue  life  predictions.  This  section 
of  the  report  presents  a  detailed  description  of  most  of  these  methods.  In 
a  number  of  cases,  study  of  the  methods  revealed  essentially  a  common  basis 
with  variations  in  handling  car  tain  aspects  of  the  problem.  For  instance, 
the  form  of  the  mathematical  equations  for  representing  the  loading  spectre, 
or  the  S-fl  data  were  subject  to  differences  by  different  authors  who, 
nevertheless,  wore  each  performing,  in  a  slightly  different  way,  the  baaio 
linoarly  cumulative  damage  analysis. 

In  addition,  stu^y  of  soma  of  these  methods  showed  that  modifications, 
extensions,  and  generalizations  could  bo  derived  which  would  improvo  the 
application  of  certain  specific  methods.  Those  extensions  are  derived  and 
explained  in  detail.  They  provide  throe  additional  procedures  for  considera¬ 
tion,  making  twenty  in  all. 

Study  of  these  methods  revealed  3omo  which  could  not  be  ovaluatod  becauso  of 
the  lack  of  proper  data.  The  methods  which  were  studied  inoludo  the  followlngt 
(Those  underlined  woro  chosen  for  comparative  evaluation.) 

1.  Linear  Cumulative  Damans  -  Miner's  Method 

2.  Shanlay's  "IX"  Mothod 

3.  Shanley's  "21"  Mothod 

tl,  iuntlborR's  FFA  Method 

?•  Henry's  Method 

6 »  Gene ral  1  zatlon  of  Henry1:)  Mothod 

7,  Cortan  and  Dolan's  Method 

8,  Modified  Cor  ton  and  Dolan  Mothod 

9,  A  Simplified  Nonlinear  Cumulative  Dam&ga 

10.  Kommera'  Method 

11.  Ri  chart  and  Nevmark'a  Method 

12.  Marco  and  Starkey's  Method 

13.  Froudcnthal -Holler 's  Method 
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LINEAR  CUMULATITC  DAMAGE  -  MINER* 5  METHOD 


In  19W  Miner  derived,  in  reference  6,  the  first  logical  basis  for  the  method 
of  linear  cumulative  damage,  which  had  been  previously  proposed  by  Palmgren 
in  192h,  in  doriving  this  method,  the  following  assumptions  were  applied  to 
a  simple  distribution  of  discrete  loads? 

1,  The  amount  of  internal  work  absorbed  by  the  material  during  each  load 
cycle  was  constant  at  a  given  load  level. 

2,  The  maximum  amount  of  internal  work  that  could  be  absorbed  from  cyclic 
loads  prior  to  .failure  war.  always  tue  same. 

3,  The  amount  of  internal  work  absorbed  at  each  discrete  loac  level  in  a 
simple  loading  spectrum  was  linoarly  cumulative  and  independent  of  the 
sequonce  of  loading. 

The  first  two  assumptions  load  to  the  following  relationship  between  the  'amount 
of  internal  work  absorbed  and  the  number  of  load  cyclos  applied  at  a  specific 
load  level. 


Cax) 


where 

w^  ■*  work  absorbed  at  tlio  i^1  varying  load, 

W  -  maximum  amount  of  internal  work  that  is  absorbed  by  a  material 
beforo  failure  (note  that  Vi  «*  Wj_  »  constant}* 

t«h. 

n^  ■  number  of  cycles  applied  at  the  i  varying  load,  and 

«  number  of  cycles  required  for  failure  at  the  i^  varying  load. 


Assumptions  two  and  three  wore  usod  to  derive  the  equation  which  .is  given  bolow 
for  relating  the  increments  of  internal  work  absorbed  at  two  or  more  load  levels 
to  the  maxirmun  amount  of  internal  work  absorbed  before  failure. 


1 

Elimination  of  in  Equations  (Al)  and  (A2)  results  In  the  following  expression, 


(A3) 


Failure  is  specified  by  the  above  equation  in  terms  of  a  damage  level  of  unity 
when  the  left  hand  side  of  the  equation  is  considered  to  represent  fatigue  damage 
in  the  fora 


(AM 


where. 

Q  -  damage  ratio  or  the  fraction  of  fatigue 
life  used  up  by  the  total  number  of  load 
cycles  that  are  applied  at  all  load  levels. 

In  using  this  expression,  a  unit  distribution  of  discrete  loads  is  usually  selected 
that  represents  some  specific  service  time  or  flight  distance,  When  the  damage 
ratio  D  has  boon  calculated  for  this  unit  distribution,  the  predicted  life  is  ob¬ 
tained  as  follows: 

Predicted  Life  (in  hours  or  miles)  «  ^  x  (Life  in  hours  or  miles  associated 

with  a  unit  spectrum  of  discrete 
loads) 


or.  In  terms  of  the  predicted  fatigue  life  in  cycles 


int  <  rni> 


night 


G-A-G 


c !»).) 


ground 


Di  \ 

h  I  * 

-  1  /flight 


ni\,  /Vni\ 

K  *  \  Lh) 

'  G-A-G  L —  1 


(A5) 


ground 


whero 

-  predicted  total  number  of  cycles  applied  at  loads  of  all  magnitudes, 
£  •  total  number  af  load  cycles  in  the  unit  distribution,  and 

D  *  damage  ratio  for  the  unit  distribution* 
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SHANLET'3  "ll1*  METHOD 

Shanley’s  *U*  method  (references  8.  9.  and  10)  Is  similar  to  Miner's  method 
in  using  the  concept  of  linear  cumulative  damage  that  Is  expressed  in  Equation 
(Ail).  In  this  method  S-H  data  are  represented  by  an  equation  of  the  forntf 


where 

TT -  a  paraaieter  which  is  equal  to  the  vertical  intercept  at  M  *  1  of 
the  straight  line  fit  to  a  plot  of  log  versus  log  N,  and 

6  m  exponent  defining  the  slope  of  the  straight  line  fit. 

This  equation  provides  a  linear  approximation  for  the  log-log  form  of  S-N  data 
that  is  illustrated  in  figure  1*7. 

A  relative  reduced  stress  or  equivalent  stress  i3  also  used  in  this  method.  This 
equivalent  reduced  stresc  is  associatod  with  a  load  of  constant  magnitude  that  may 
be  applied  the  same  number  of  times  as  all  the  loads  above  the  endurance  limit  in 
a  unit  loading  spectrum  and  nay  be  defined  in  terms  of  Equation  (A6)  as 

/rsi 

Sr  '  \yKJ  (A7) 

where 

-  relative  equivalent  or  reduced  stress  of  constant  amplitude,  and 

N„  *  the  total  number  of  cycles  that  may  be  applied  at  all  load  levels 
above  the  endurance  limit  prior  to  failure. 

Equation  (A5)  mqy  be  modified  so  that  it  becomes  applicable  t.o  only  tho  load3 

applies  above  the  endurance  limit  in  a  unit  loading  spectrum.  This  is  accomplished 

by  multiplying  this  equation  by  the  ratio  of  lead  cycloc  above  the  endurance  limit 

(In,  >c  ..  c  to  the  bloc*  size  of  the  spectrum  or  (In.)  „  Use  of  this 

1  o  >■  o_,  1  al.1  a  • 

Vi  "*  Vi 

ratio  in  Equation  (*S)  will  lead  to 


<5>1>3 
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Notched  Sheet  Speciiieas 


The  following  equation  will  result  when  Equations  (/v6)  and  (A7)  ere  used  to 
eliminate  and  Mr  in  Equation  CAfil- 


This  equation  wa3  derived  in  reference  8  from  a  concept  of  crack  growth  that 
leads  to  the  following  relationship  for  depth  of  crack: 

h  .'  *.»»  /  «°> 

whore 

•  . 

h  »  depth  of  crack, 

A  ■*  constant, 
e  •  exponential, 

a  -  factor  that  depends  on  the  magnitude  of  tho  varying  load,  and 
n  *  number  of  loading  cyclos. 

To  complete  the  derivation  of  the  "IX"  method  in  terms  of  the  quantities 
specified  In  Equation  (A  1 0) the  reduced  stress  in  Equation  (AS)  was  assumed 
to  cause  the  same  crack  growth  as  the  unit  loading  spectrum  for  which  the 
reduced  stress  was  calculated. 
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SHANLEY‘5  “21"  METHOD 

Fly  using  an  assumption  that  the  constant.  A,  in  Equation  (AlO)  was  depandent 
on  stress  level,  Shanley  derived  his  "2X"  method  in  the  preceding  reference. 
This  assumption  loads  to  a  rata  of  crack  growth  which  is  higher  than  that 
used  in  the  "IX"  method,  with  the  reduced  stress  expressed  in  the  form 


Lni  y 


(All) 


\  >  SS 


&  using  Equations  (a6)  and  (A7)  to  eliminate  the  relative  stress  terms  in 
Equation  (All),  the  "2X"  method  may  he  expressed  in  torus  of  cycles  aat 


\>sr. 


yjx 

L  ><i  * 


(A12) 


The  relative  reduced  stress  in  Equations  (a?)  or  (All)  may  bo  used  to  predict 
fatigue  life  with  tho  "IX"  or  "2X"  method.  To  evaluate  the  reduced  stress,  S-N 
data  must  bo  analytically  defined  by  Equation  (a6)  to  evaluate  the  exponent  S 
that  is  used  in  Equations  (A 9)  and  (All).  Tho  value  of  the  relative  reduced 
stress  from  either  of  these  equations  is  used  to  read  from  an  S-il  curve  the 
appropriate  number  of  cycles  Nr  that  may  be  applied  at  load  lovel3  above  the 
endurance  limit,  fatigue  life  is  predicted  by  "IX"  and  "2X"  methods  whan  Ng 
is  multiplied  by  tho  ratio  of  the  total  number  of  cycles  of  the  associated 
unit  loading  spectrum  to  tho  total  number  of  cycles  above  the  endurance  limit. 


[  Inl  J  unit  block  size 
[  Ini  ]s  >Sg 
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The  value  of  ND  could  bo  evaluated  by  substituting  the  relative  reduced  stress 

in  Equation  (A?)  or  (Al!|).  When  those  equations  provide  a  good  fit  to  the  S-N 
curve  in  tho  vicinity  of  Sg,  their  analytical  definition  will  be  the  samo  «a 
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the  value  of  N.  obtained  by  reading  an  3-N  carve-  Equations  (a8)  and  (A12) 

K 

may  also  be  used  to  determine  the  ratine  of  without  requiring  an  analytical 

definition  of  S-N  data  or  of  reduced  stress.  However,  these  equations  were 
not  us.ed  in  making  predictions  from  the  "IX"  and  *2X*  methods* 
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THS  FFA  MCTHOO 


Bo  Londberg  and  his  colleagues  at  the  Aeronautical  nosearch  Institute  of  Broaden 
(FFA)  developed  mathematical  equations  in  reference  7  for  simplified  forms  of 
the  gust  loading  spectra  and  S-41  data.  By  use  of  these  equations  in  the  linear 
cumulative  damage  concept,  a  closed  fora  solution  was  obtained  for  fatigue  life 
predictions* 

In  this  method,  S-H  curves  are  represented  by  equations  of  the  form* 


k  .  — a- — 
<ST  -  V 


(Alll) 


where 


K  -  number  of  cycles  to  failure  at  a  varying  load  of  constant 
magnitude  corresponding  to  the  rolativo  varying  atross,  Sv, 

Sv  -  relative  varying  stress, 

SL  -  relative  varying  stress  at  the  onduranco  limit  (may  be  arbitrarily 
defined  by  the  relative  varying  stress  at  N  -  lo7), 

r'.*  i  "41  curve  parameter,  givon  by  the  vertical  intercopt  at  N  ■  1  of 
U.v  .  lino  fit  to  S-W  data,  vhen  log  (5  -  S„)  is  plotted 

i-s,  lor.  ..*vi  v  E 

,'i  •  » .qvmrnt,  vv'.f!  •!  '  .■  1  .*  slope  of  the  straight  lino  fit, 

A  graphical  r -oi’-ru  of  .V-A  data  ia  t  \  ;■ ,  yva  b5  to  illustrate  the  basis 

for  thl:;  ic.-i.  Tiiii.  figure  i.-;. :1c. it*?:.  \  r'.'»uatlon  (Alb)  may  not 
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The  type  of  curve  fitting  that  is  required  for  an  adequate  representation  of 
cumulative  loading  spectra  by  this  equation  is  illustrated  in  Figure 
Vfhen  more  complex  analytical  functions  are  used,  the  solution  of  the  resulting 
damage  equation  irt  the  method  can  become  very  difficult*  Complications  are 
also  involved  when  the  shape  of  the  unit  loading  spectrum  cannot  be  adequately 
defined  by  a  straight  line  fit  in  the  stress  range  for  maximum  calculated 
fatigue  damage. 


To  show  how  Equations  (AlU)  and  (A15)  are  used.  Equation  (Alt)  must  be  written 
in  the  fora* 


(A16) 


where 

AH  •  the  number  of  cycles  applied  within  the  varying  load  Interval 
represented  by  ASv* 

The  minus  sign  is  required  in  the  above  definition  for  consistency  with  the 
negative  exponent  In  Equation  (Al5). 

For  an  infinitesimal  increment  in  relative  varying  stress,  A  Gy,  Equation  (Al6) 
may  be  transformed  into  the  following  equation  for  defining  fatigue  dar.ir.ga  over 
a  wide  range  of  varying  stress. 


D  - 


r 


00 


dH 
d  S„ 


(A17) 


S.  Eg&wertz  used  Equations  (Alii )  and  (Al5)  in  Appendix  A  of  Reference  7  to 
eliminate  -4-jr-  and  N  in  Equation  (A17).  He  then  integrated  Equation  (AJJ) 

U  J 

V 

between  limits  of  S„  to  ro  arrive  at  the  following  approximate  solution* 

H 

D  .  7  h  ^  e  ~h  %  r  ( /3  *  1)  (A1.8) 

whore 

P (  /3  ♦  1)  •  Gamma  function  of  ( /3  ♦  1  )  which 
may  be  obtained  from  mathematical  tables  such  as  Reference  35. 
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Interpretation  of  Unit  Loading 
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IT£MRTyS  USTOOP 

Hoary  (reference  li;  )  derived  a  method  of  nonlinear  cumulative  damage  by 
defining  fatigue  damage  in  terms  of  a  reduction  in  the  S~N  curve.  This 
decrease  in  fatigue  strength  reflected  the  effects  of  increased  local 
stress  concentration  when  loading  cycles  wore  applied  at  any  load  level  above 
the  endurance  limit.  As  originally  proposed,  Henry's  method  could  be  used 
only  with  materials  which  had  S-N  curves  which  fit  the  following  equation! 


(A15) 


Fatigue  damage  at  any  varying  stross  greater  than  Sg  but  leas  than  l.jJ'Sg  was 
evaluated  in  this  method  from  the  following  equation: 


>  ♦  5-^-5;  ti-n/iO 

v  E 


(A20) 


where 

S„  «  relative  varying  stross  at  the  endurance  limit  from  S-1I  data 

prior  to  the  initiation  of  any  fatigue  damage,  and 

•  SI  m  relative  varying  stress  at  the  endurance  limit  after  fatigue 

damage  is  produced  by  applying  varying  loads  associated  with 

relative  stressos  larger  than  3g. 

The  aoovo  equation  becomes  indeterminate  when  Sy  «  S£  and  cannot  bo  used  whon 
Sy  S£.  Equation  (A30)  is  also  used  to  compute  fatigue  damage  when  two  or 
moro  varying  load3  are  applied  above  the  onduranco  limit.  The  damage  after 
applying  one  or  moro  varying  loads  is  first  defined  in  terms  of  an  equivalent; 


cycle  ratio  ( 


at  the  next  varying  load  above  tho  endurance  liir.it. 


This  equivalent  cyclo  ratio  13  then  used  as  the  starting  point  from  which 
additional  daaago  will  bo  computed  by  Equation  (A?C)  at  tho  new  varying  load. 
This  is  shown  in  Figure  £0.  Tho  equation  for  the  equivalent  cyclo  ratio  is 
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whore 

■ 

(  ~  ).  ••  equivalent  cycle  ratio  at  a  new  relative  varying  stress  greater 
Ml 

than  Sg  that  computes  the  level  of  damage  reached  by  applying 
loading  cycles  at  other  relative  varying  stresses, 

^  -  damage  ratio  after  applying  loading  cycles  at  the  last  previous 
relative  varying  stress  greater  than  S^,  and 

S  •  the  new  relative  varying  stross  greater  than  £„  at  which  damage 

v, 

is  to  be  calculated. 

Tho  use  of  an  equivalent  cycle  ratio  may  be  further  clarified  in  terms  of  stress 

levels  and  equivalent  S-M  curves  by  referring  to  tho  Hi-Lo  loading  sequence  in 

Figure  51.’  In'this  figure,  n^  load  cycles  are  .applied  at  the  larger  relative 

varying  stress  of  S  .  The  constant  amplitude  fatigue  life  of  N.,  on  the  original 
vi  A 

S-N  curve  is  roduced  by  n^  cycles  to  (N^  -  n^).  An  equivalent  S-M  curve  that 

accounts  for  this  reduction  is  defined  in  terms  of  a  new  relative  endurance  limit 
S' .  The  cycles  to  failure  on  tho  equivalent  3-M  curve  at  Sv  can  be  road  from  tiu 
original  S-M  curve  at  the  increased  stress  level  of  .  Svi  where  is  a  functloj 

of  the  new  relative  endurance  limit.  The  cycles  to  failure  on  the  equivalent  S— tt 
curve  at  a  new  relative  varying  stress  of  Sy^  ere  also  read  from  the  original  S-N 
curve,  but  not  at  SVg.  They  are  read  at  the  adjusted  stress  level  defined  by 
multiplying  the  new  varying  stress  by  which  was  previouoly  evaluated  at 
This  results  in  tho  definition  of  a  fatigue  life  undor  constant  amplitude  loading 
of  Sv^  that  is  shorter  than  the  original  S-N  curve  by  ANj  cycles  or  the  equivalei 
cycle  ratio  (~)^  in  Equation  (a21),  Applying  n^  load  cycles  at  the  relative  vary) 
stress  of  Syg  will  result  in  another  new  equivalent  S-N  curve  with  a  still  lower 
enduranco  limit  of  si  .  feints  on  this  second  equivalent  S-M  curve  in  Figure  51  * 
other  relative  varying  stresses  Sy^  are  defined  by  reading  the  original  S-N  curve 
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stress  levels  oC  Cl  &.  «  r« 

2  °y*m  ^  manner,  the  eauivalont  <?  m  a-*. 

"Umbel*  of  loading  steps  ^  *  ‘  S' '  ^  -T 

Since  the  exponent  on  £s  -  *  1  r  „  ,  !  original  S-N  curve. 

«.  eeeivalant  3-«  curve!  J*  ^at,°n  UW)  h*“  *  «»■*  -f  unity. 

- — -  *.  pmiui  -  - — 
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ivhere 


°l  stress  Cy0le:’  al  tho  nert  relative  varying 

"l  ■  nU*bor  °f  «**••  »PfU«4  ut  the  next  rolativo  varying  stress,  and 

1,1  '  *L™tC:^T»ZXt'llar‘  *«  M  «•  — 

c*0 or  E‘,aation  (**« « * 

the  endurance  limit.  ih8  block  else  ?c°f  ®PPlieation  of  varying  loads  above 
levels  affects  tho  cycle  ratio  n  A  f  J  ““fj?  spectrum  of  discrete  load 
of  block  site  aroVTo1:  %2ZS&3^.*2Z3^  °U°«* 

“trafcy^ppL^TlnX“tk0rs^Llr'Jd  “a10  W.,  with 

loading  step.  P  rirst  loa<Unt’  3tcl>  “d  "2  cycles  In  the  second 


^,5  "I  S1  „  'i,  «!  SK 

o2 .  h  jicK  s.  {1^LilA 

i.ii.H  *i "2  Sg2  / ^i - s \ 
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All  terms  except  the  first  and  second  in  the  numerator  and  the  first  in  the 
denominator  are  zero  when  Sg  is  zero,  or  tend  to  become  zero  when  Sy^  and 
are  nmch  greater  than  the  relative  endurance  limit  Sg,  In  such  a  case. 
Equation  (A?3  }  reduces  to  Equation  0 d* )  In  Miner's  method*  The  added  com¬ 
plexity  in  considering  moro  than  two  load  levels  in  liquation  (A2£j  obscures 
this  simple  picture#  Wien  Sy^  and  Syg  are  of  the  sane  order  of  magnitude 

as  Sp,  the  difference  in.  the  fatigue  damage  predicted  by  Equations  (  Al$  and 
*  .  nl  no 

Ca23  )  will  depend  largely  oa  the  values  of  the  cycle  ratios  and  jp  * 

Vhlle  this  difference  in  fatigue  damage  would  be  slLuht  for  small  cycle 

ratios,  the  difference  will  increara  essentially  as  a  linear  function  of  the 

cycle  ratios  for  fixed  values  of  Sy^  and  Sy^* 


Another  important  feature  indicated  by  Equation  (A23)  Is  tho  effects  of  the 
order  in  which  tho  larger  varying  load  is  applied  to  tho  specimen.  When  • 
the  larger  relative  varying  load  is  applied  first  as  Sy^,  the  last  term  in 
tho  denominator  is  nogabive.  This  stakes  tho  resulting  damage  larger  and 
the  fatigue  life  shorter  than  it  would  bo  when  tho  larger  varying  load  is 
applied  in  the  second  loading  step  as  Sy2*  Test  results,  hovrovar,  tond  to 
indicate  that  the  fatigue  damage  is  smaller  and  the  resulting  fatigue  life 
longer  when  the  largest  of  two  or  moro  varying  loads  is  applied  first. 

This  may  be  aeon  by  comparing  the  test  lives  for  ili-Io  and  Lo-Hi  loading 
sequences  such  as  Ta3t  Groups  Ilo.  G1  and  03  in  Table  I18  ,  In  certain 
loading  ranges  this’ effect  may  be  due  to  beneficial  rooidual  stresses  re¬ 
sulting  from  plastic  yiolding.  (Reference  30  ) 


C5NHMLIZATI0N  OK  HJSNRT'SUETHOD 


A  more  general  version  of  Henry's  method  is  derived  to  cover  the  cases  where 
S-N  data  can  be  expressed  in  terms  of  Equation  (ADli) •  Unlike  the  S-N  function 
expressed  in  Equation  (A £?)  and  usod  in  the  original  derivation  of  Henry's 
method.  Equation  (Alio)  permits  the  slope  of  S-N  data  to  have  values  other  than 
unity.  Removal  of  this  slope  restriction  on  S-N  data  permits  Henry' a  method 
to  have  much  wider  application  and  to  be  usod  with  many  more  materials  than 
previously  possible. 

The  general  equation  for  damage  is  given  by 


(A2h) 


whore 

/}  «  exponent  from  Equation  (A ll*). 

The  equation  replacing  Equation  (A 2.)  for  the  equivalent  oyclo  ratio  at  a 
subsequent  relative  varying  stress  is  given  below. 


•  1 
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/* 


(A25) 


Equations  (A2l*)  and  (f2$)  roduce  to  Equations  (f20)  and  (A21)  when  the  exponent 
g  is  unity. 

This  modified  set  of  equations  for  Henry's  method  was  used  to  calculate 
fatigue  d«">gge  for  meat  of  tho  test  spectra  used  in  this  report,  uir,n  the 
exception  of  spectra  employing  random  soquencos.  The  random  ^oquonces 
were  generally  inadequately  defined  for  the  required  otop-by^tep  application 
of  the  oquationa. 


CORTKN  AND  DOLAN'S  METHOD 


Corten  and  Dolan  (reference  15)  base  the  evaluation  of  fatigue  damage  on  the 
number  of  fatigue  cracks  that  are  forned  and  the  rata  of  crack  propagation* 
While  cracks  are  propagated  at  all  load  levels,  the  number  of  crack3  is  con¬ 
sidered  to  be  a  function  only  of  the  largest  varying  load  used  in  a  fatigue 
test.  With  these  basic  concepts,  fatigue  damage  is  assumed  on  the  first 
cycle  of  loading  and  is  related  to  the  number  of  cycles  applied  at  each  vary¬ 
ing  load  through  the  following  equations 

D  ■  a  r  n  *  (A26)  . 


where 

ra  »  number  of  cracks, 

r  *  coefficient  of  the  rate  of  crack  propagation,  and 

a  ■  exponent  that  could  change  with  the  amplitude  of  tha  varying  load. 

The  total  calculatod  damage  for  a  periodically  repeated  sequence  of  two  differ¬ 
ent  varying  loads  was  generalized  from  this  equation  in  terms  of  applied  load 
cycles.  This  generalization  cohsiderec  the  actual  number  of  cycles  applied  at 
the  larger  varying  load  ,  and  the  equivalent  number  of  cycloo  required  at  the 
larger  varying  load  to  obtain  damage  increments  equal  to  those  accrued  at  the 
smaller  varying  load.  In  subsequent  development  of  the  equations,  however,  the 
authors  usod  the  actual  number  of  cycles  applied  in  oach  step  at  the  smaller 
load  rather  than  the  equivalent  number  of  cycles  at  the  larger  load,  as  mentioned 
in  reference  29.  Because  of  this,  thoir  resulting  equation  for  fatigue  life 
falls  within  the  original  concept  of  ‘their  theory  only  when  tho  exponent  "a" 
does  not  depend  on  the  magnitude  of  the  varying  load,  and  fail3  to  do  so  when 
the  exponent  isi  arfcctod  by  changes  in  tho  magnitude  of  the  varying  load.  Hence, 
tha  method  must  be  used  with  a  load  invariant  exponent,  whore  the  total  number 
of  cycles  applied  in  a  periodically  repeated  sequence  of  two  different  varying 
loads  is  given  by 


N 


L 


J!2—  ♦  R>/a 
°1  *  n2 


(1 


where 

N„  ’  nunoer  of  cycles  to  failure  at  tho  larger  varying  load  when  it  Is 
Z  tho  only  varying-  load  applied  to  the  specimen, 

n2  -  tho  number  of  cycles  applied  at  the  largor  varying  load. 
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n^  *  the  number  of  cycles  applied  at  the  smaller'  varying  load,  arid 

R  •*  ratio  of  tho  coefficient  of  tho  rato  of  crack  propagation  at  the 

rl 

smaller  varying  lead  tn  that  at  the  larger  varying  load  •  — 

r2 

The  ratio  R  in  the  above  equation  -aus  empirically  related  in  reference  15  to 
the  ratio  of  the  smaller  to  the  larger  varying  stros3  as  shorn  bolcnr. 
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(A28) 


■whore 

S  *>  rulativo  varying  stress,  at  the  smaller  load; 

V1 

S  >■  relative  varying  strosa,  at  tho  higher  load;  and* 

7  2 

d  -  stress  invariant  exponent. 

Equation  (A28)  was  eventually  usod  to  extend  equation  (A27)  into  a  more  general 
equation  for  fatigue  spectra  involving  any  number  of  varying  loads*  Tho 
resulting  equation  is: 


_ ii  _  _ 

~  y  »i 

L 1  J 


(A29) 


whore 

N*  ■  number  of  cycles  to  failure  from  S-K  data  for  the  largest 
varying  load,  and 

»  relative  varying  struts  for  tlie  largest  load. 

Use  of  tho  above  equation  will  bo  discussed  in  tho  following  section  of  this 
report. 
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MODIFIED  CORTEN  AND  DOLAN  METHOD 


The  method  of  Corten  and  Dolan  is  modified  by  replacing  the  stress  ratios  in 
Equation  (A29)  by  a  ratio  involving  the  number  of  cycles  to  failure.  This  is 
readily  accomplished  when  S-N  data  for  a  material  can  be  analytically  repre¬ 
sented  by  Equation  (A6), 


In  such  cases,  the  following  relationship  between  cycles  to  failure  and  relative 
varying  stresses  can  be  derived  for  the  two-step  spectrum  under  the  restrictive 
condition  where  the  ralativc  varying  stresses  S  and  S  are  both  greater  than 
the. relativo  endurance  limit,  S^,.  rl  r2 


\  j 


(A30) 


with 


b 


By  generalizing  Equation  (A30)  to  covor  any  number  of  varying  loads,  this  last 
equation  can  be  used  to  eliminate  the  relative  varying  stress  in  Equation  (a29). 
This  results  in 


H* 


& 
A 


(All) 


Since  Equation  (A2?)  was  derived  in  torms  of  stresses,  it  implies  that  all  vary¬ 
ing  loads,  including  those  below  the  endurance  limit,  are  effective  in  propagating 
fatigue  damage.  On  the  other  hand,  Equation  (A31)  does  not  consider  fatlguo  damage 
to  be  propagatod  below  the  endurance  limit.  Tills  is  because  tho  number  of  cycles 
to  failure,  ,  is  infinite  in  this  region  of  the  o-N  data. 

Values  of  the  exponents  d  in  Equation  (A29)  or  b  in  Equation  (A3l)  can  bo  determined 
by  using  tost  data  to  define  all  other  terms  in  the  applicable  equations. 
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S-N  curves  define  H*  and  If.  *  the  unit  loading  spectra  define  &  or  ft.  ,  wM.le 

x  Vi  i 

IT.  nay  best  be  defined  by  the  geometric  means  of  the  test  lives  of  a  set  of 
nominally  identical  specimens.  Evaluation  of  the  exponent  b  from  the  test  data 
is  discussed  in  Section  III* 
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A  SIMPLIFIED  NONLINEAR  CUMULATIVE  DAMAGE  METHOD 

Vhile  several  of  the  methods  which  havo  been  described  use  nonlinear  accuioula*- 
tions  of  dams go,  an  investigation  of  the  simplest  type  of  nonlinear  representa¬ 
tion  was  considered  tc  be  desirable.  For  this  purpose  the  available  test  data 
will  be  used  to  evaluate  the  exponent  in  the  equation 


(A32) 


where 

c  "  empirical  exponent  that  is  independent  of  the  magnitude  of  the 

varying  load* 

When  the  exponent  o  is  assumed  independent  of  load  amplitude,  it  is  found  to 
vary  with  mat  or  lax,  specimen  configuration,  number  of  loading  cycles  in  the 
unit  spectrum,  the  number  of  loading  stops ,  and  the  sequenoe  in  which  the 
varying  loads  are  applied  to  the  specimen. 


The  exponent  c  Is  related  to  the  exponent  b  in  the  modified  version  of 
Corten-Dulanls  method.  For  a  spectrum  involving  Just 'two  loading  etop3 , 
the  relationship  between  these  exponents  may  be  found  by  equating  Np,  in 
Equations  4jl)  and  &U2)*  This  will  result  in: 


where 

n.  •  number  of  cycles,  applied  in  the  spectrum  at  tho  smaller  varying 

load, 

ng  -  number  of  cyelos  applied  at  tho  larger  varying  load, 
b  »  exponent  in  Equation  (A31),  and 
c  •  exponent  in  Equation  (A32). 
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The  above  relationship  becomes  rather  complex  and  neither  exponent  can  b® 
expressed  as  a  .simple  function  of  the  other  when  a  loading  spectrum  contains 
•ore  than  two  different  varying  loads. 

One  pertinent  difference  between  the  exponent  b  in  Equation  (A31)  and  the 
exponent  c  in  Equation  (A32)  lies  in  the  fact  that  the  value  of  c  is  more 
dependent  upon  block  size  than  the  exponent  b.  If  the  exponent  c  were  eval¬ 
uated  for  a  unit  loading  spectrum  which  had  the  same  fatigue  life  when 
applied  at  two  different  block  sizes,  the  value  of  this  exponent  would  be 
larger  for  the  smaller  block  size  a3  illustrated  in  Figure  52.  The  valu®  of 
c  la  affected  by  block  size  through  the  number  of  applied  load  cycles  that 
appear  under  different  exponents  in  the  numerator  and  denominator  of  Equation 
(A32).  Figure  52  also  indicates  that  the  value  of  the  exponent  b  la  independ¬ 
ent  of  block  size  at  a  specific  fatigue  life.  Tho  only  effect  that  block  slz® 
can  have  on  tho  exponent  b  in  Equation  (A3l)  i3  from  experimental  variations 
in  the  fatigue  lives  used  to  evaluate  this' exponent.  ' 

Equations  (A3l)  and  (A32)  both  reduce  to  the  simple  linearly  cumulative  damage 
hypothesis,  Equation  (A5),  when  tho  exponents  b  and  «  are  made  equal  to  unity. 
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Typical  Variation  in  Fatigue  Life  vlth  the  Exponent* 
b  and  a  for  a  b'poclfic  Unit  Loading  Spectra*. 
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KOMMSRS*  HYPOTHESIS  AND 

RlCHAivf-f.'EWMARK  '&  AN£rMARC0-STARKEY»3  METHODS 


p: 


The  concept  that  damage  curves  are  a  function  of  both  the  varying  load  and  the 
cycle  ratio,  n/M,  was  first  presented  as  &  hypothesis  by  Kommers  in  19U5  (Ref¬ 
erence  22).  In  19h8  Richart  and  Nevmark  (Reference  2l|)  and  later  (195U)  Marco 
and  Starkey  (Reference  25)  proposed  graphical  and  analytical  methods  for  the 
application  of  these  damage  curves  to  fatigue  life  predictions.  This  hypothesis 
placed  only  one  restriction  on  the  curves.  They  could  have  apy  shape,  but  each 
curve  was  required  to  indicate  a  damage  level  of  one  when  the  cycle  ratio  was 
unity.  Damage  curves  of  this  general  type  are  shown  in  figure  SO.  The  evalua¬ 
tion  of  the  actual  damage  curves  is  difficult  because  of  the  problems  Involved 
in  assessing  any  degree  of  damage  less  than  failure.  The  most  important  factor, 
however,  is  the  relationship  between  damage  curves  rather  than  their  absolute 
values,  from  this  concept,  Richart  and  Nevmark  developed  a  method  for  experi¬ 
mentally  securing  damage  curves  at  a  specific  varying  load  relative  to  an 
arbitrary  damage  curve  at  any  reference  varying  load.  *  . 

Marco  and  Starkey  (Reference  25)  developed  an  analytical  form  for  damuge  curves 
that  is  similar  to  that  of  Richart  and  Nevmark.  These  authors  make  the  shapo  of 
the  damage  curve  at  each  load  amplitude  a  function  of  the  cycle  ratio  raised  to 
a  load  or  stress-dependent  exponent. 


D  * 


(A310 


where 


D  -  d.amoce  at  a  specific  varying  load  level. 

n  »  nuinbor  of  cycles  applLod  at  the  referenced  varying  load  level, 

N  *  number  of  cycles  to  failure,  and 
»  load-dcpondont  exponent 

In  applying  the  above  methods  to  tost  results,  specially  obtainod  two-stop  loading 
teat  data  would  bo  required  in  large  qunititios  to  experimentally  determine  the 
relationship  between  damage  boundaries.  Since  this  type  of  data  was  not  available 
in  sufficient  quantity  for  any  of  the  teat  conditions  being  conaidored,  Kommers', 
Richart-Uovruark's,  or  Marco-Starkey  'a  methods  could  not  bo  appliod. 
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FREIJDE^TliaI^li,.I»Lrot‘S  METHOD 

Ereudanthal  qnd  Hollar  (reference  26)  proposed  tho  use  of  a  stress-interaction 
factor  to  construct  a  fictitious  S-fi  curve.  The  fatigue  life,  assooiatod  with 
a  randomly  applied  unit  spectrum  of  loading,  is  predicted  from  the  fictitious 
S-H  curve  by  the  concept  of  linear  cumulative  fatigue  damage,  with  Equation 
(Ah)  boing  replaced  by 


-  1 


or 


(A35) 


where 


-  stress  interaction  factor  that  reduces  the  cycles  to 

failure  at  tho  i**1  varying  load  after  the  specimen  has  laad 
prior  exposure  to  larger  varying  loads,  und 


N 


it 

i 


cycles  to  failure  at  the  i  varying  load  from  the 
fictitious  S-.H  curve. 


Determination  of  the  stress  interaction  factor  in  tho  above  equations  depends 
on  the  statistical  analysis  of  a  large  number  of  tost  results  from  a  number  of 
loading  spectra  applied  to  each  type  of  specimen  of  interest.  Experimental 
data  may  eventually  be  obtained  that  3ho*»s  tho  nature  of  these  interaction 
factors  and  sonic  rules  for  their  evaluation.  Lack  of  both  tho  typo  and 
quantity  of  data  prevented  application  of  this  particular  method  to  the  t?st 
results  used  in  this  report. 
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LAHGER*S  METHOD  AND  GROVER  »s  METHOD 


(rcffironcG  ll)  andl  Grover  f refRy'iinr*fl  nx  u 
of  fatigue  damage  development  into  two  stages  *  S°fW  diVided  U‘*  process 
crack  initiation,  and  fcha  otter  crack  nronSSiJ?10  P*?4  ata£* 
of  this  type  of  analysis,  it  ia  assumed  tffi  *  ^  Grovcr  s  d6veloP»e^ 
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where 


(ui  *  Xi)  “  ni 


ut  -  number  of  load  cycles  applioa  before  crack  initiation, 

11  ‘  Sf05  Vitiation  and 

‘  -  £  ““  - 


to  critical  fracture.  However  if  thS  addit,i0:ul  number  of  cycles 

MSS  ZSZ™-  •A^ttSTASS  SMaS 

MS  not  reported  ta*thTS£ UabL'l^Sl'n°:ieote“?o?u,lf 2t^°n  *"**»* 
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LEVY'S  METHOD 


Another  approach  to  analysing  fatigue  has  been  developed  by  Levy  (reference 
27).  In  this  approach  the  following  equation  was  derived  for  twtT-rtep 
loading  by  assuring  that  less  than  one  application  of  the  higher  load  level 
in  10,000  total  load  cycles  would  have  no  effect  on  the  S-H  curve  at  the 
lower  varying  load. 


where 

“  predicted  fatirue  life, 

*  number  of  cycles  to  failure  at  the  lower  varying  load, 

“  number  of  cycles  to  failure  at  the  higher  vaiying  load, 

■  number  of  cyclc3  applied  at  the  lower  varying  load,  and 

r»2  -  number  of  cycles  applied  at  th"  higher  varying  load3. 

This  method  was  extended  to  -threb  loading  3 tops,  with  the  following  equation 
being  suggested  for  fatigue  life  predictions  with  more  than  three  loading  steps 

nl 

log  Kl  -  a  log  ■—  ♦  b  log  +  ••»•  +  M  (A39) 

where  a,  b,  .  .  .  .  and  M  are  functions  of  N^,  N,,,  etc. 

fills  equation  is  tedious  to  apply,  as  it  becomes  necessary  to  evaluate  (q  ♦  1) 
constants  in  Equation  (A3?),  where  q  is  the  total  number  of  loading  steps  in 
a  unLt  spectrum.  An  eight-loading-step  spectrum,  for  example,  would  require 
nine  different  sets  of  relative  load  frequencies  as  well  as  nine  corresponding 
test  results. in  order  to  solve  the  resnltlng  system  of  simultaneous  equatior.3 
for  the  applicable  constants.  Once  the  constants  have  been  determined  from, 
this  system  of  equations,  only  -ne  equation  involving  these  constants  would  be 
necessary  to  predict  latlgue  life  for  any  one  of  the  specified  unit  spectra. 

The  type  of  test  data  used  in  this  report  could  not  generally  be  adapted  to 
applications  of  Levy's  method. 
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SMITH'S  METHOD 


Shift  h,  by  considering  two  stress  levels ,  has  developed  a  method  In  Reference  13 
that  places  primary  emphasis  on  the  effects  of  residual  stresses  In  regions  of 
stress  concentration.  These  residual  stresses  are  induced  by  plastic  defolia¬ 
tions  during  the  first  high  load  cycle.  Their  presence  modifies  the  internal 
stresses  associated  with  each  additional  loading,  and,  as  such,  is  a  stress 
analysis  procedure  -rather  than  a  damage  theory  or  a  life  prediction  method. 

Tha  modified  stress,  including  the  residual  stress  component,  is  used  with  the 
unnotched  S-K  curves  and  the  linear  cumulative  damage  equation  to  predict  tha 
fatigue  life. 

Since  this  method  consider.*:  the  influence  of  local  stress  variations  on  the  fati¬ 
gue  strength  of  the  material ,  an  accurate  stress  history  at  the  critical  point  is 
required.  *hile  this  procedure  has  been  demonstrated  for  airaple  two-step  loading 
on  a  simple  coupon,  its  application  to  multi-spectra  in  complex  structure  ia  not 
practical  as  yet.  It  way  not  possible  to  evaluate  this  method  with- the  data 
chosen  for  this  study. 


m 


.  .  :.;.  .' I  ' :  .  !..'■■■  ■  /;  .'  .  iV  -_i.'-v;»^ 


TANGtUT-INTmCLJT  METHOD 

The  Tangent-Intercept  approach  (reference  28)  was  originally  carted  red  tw 
aid  in  interpretation  of  apectruo-type  fatigue  testa.  It  is  in  essenoe  a 
graphical  procedure  of  plotting  the  total  cumulative  load  frequency  spectrum 
of  varying  stresses  achieved  in  the  fatigue  test  at  failure  upon  a  graded 
set  of  S-N  curves  of  the  same  mean  stress  level.  The  Kj  \alue  of  the  S-N 
curve  which  is  tangent  to  the  test  total  cunulative  load  frequency  curve 
becomes  the  effective  fatigue  quality  associated  with  the  .joint  tested. 

Since  both  the  test  spectrum  and  the  S-N  curves  were  standardized  for  all 
fatigue  tests  of  this  era,  simply  comparing  the  effective  Kj  values  gives 
a  relative  scale  of  joint  quality.  The  method  is  schematically  demonstrated 
in  Figure  53.  Joi  it  A  demonstrated  a  !Cj  •  luOOj  Joint  B  did  not  last  as 
long  under  the  standardized  test  spectrum  of  loading  and  indicates  a  tangoncy 
to  tho  S-Il  curve  for  Kj»  -  8.00.  Fatigue  tests  of  many  Joints  which  had 
proven  satisfactory  in  service  life  showed  better  than,  for  example,  JCp  -  h.S. 
Some  joints  which  developed  cracks  in  service  tested  worse  than  of  t.5. 

By  this  means  Kj  ^  h.5  became  established  as  tho  fatigue  quality  acceptance 
standard.  ‘  How  Joints  wore  required  to  bo  redesigned  and  rAtested  until  they 
demonstrated  acceptably  low  Kj  (<  h.S). 

The  standard  teat  cpoctrum  was  derived  frem  a  poak  count  reduction  of  flight 
tost  records  from  an  inatrunentod  (VGH)  Lockheed  itodol  18  Transport  Xlorn 
approximately  1000  mile 3  through  Rocky  fountain  weather .  Later  moro  exten¬ 
sive  records  reduced  by  NAG  A  shrw  that  for  small  service  times  this  spectrum 
is  good.  Howover,  vd-th  longer  service  timos,  relatively  greater  number  of 
high  load  levols  aro  developed  px-oducing  a  concave  upward  shape  to  tho  load 
frequency  curve.  Other  loadings  such  as  landing,  taxiing,  ground-air  cycle, 
etc.,  becurno  known  a3  prominont  producers  of  fatigue  daaago,  each  at  con- 
aider  ably  different  mean  stress  levels.  When  these  loadings  were  included 
in  tho  test  program,  tho  Tangent  Intercept  approach  proved  inadequate  to 
handle  tho  addad  complexities.  Its  use  for  thu  purpose  of  interpretation  of 
spectrum  fatiguo  tests  has  3inco  boon  entirely  superseded  by'  tho  application 
of  tins  linearly  cumulative  damage  concept. 

Proposals  have  been  made  to  convert  thin  graphical  process  into  a  procedure 
to  predict  fatiguo  life  (reference  31).  As  a  lifo  prediction  procedure,  the 
tangent-intercept  method  is  illustrated  on  Figure  5U.  In  this  method,  the 
prediction  of  fatigue  life  is  based  on  the  number  of  times  tho  complete  unit 
loading  spectrum  can  be  applied  to  a  specimen  before  the  spectrum  becomes 
tangent  to  (or  intercepts)  tho  S-H  curve  defined  fox  tho  test  specimen. 

As  indicated  on  Figure  52i. 


5T 

\  -  iq  “s 
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Sent  Intercept;  'tethod  of  Spectrum 


Schematic  of  Tangent  Intercept  Method 


where 


Nt  »  number  of  cycles  to  failure  at  the  point  of  tangency  of  tha 
cumulative  loading  spectrum  and  S-N  curves# 

H*  •  the  total  number  of  cycle 3  in  the  unit  loading  spectrum  that 

are  applied  at  or  above  the  varying  load  at  which  the  cumulative 
loading  curve  ia  tangent  to  the  S-N  curve,  and 

Hg  «  total  numbor  of  oyclcs  applied  at  all  varying  loads  ia  one 
complete  application  of  the  unit  loading  spaotrum. 

Once  tho  unit  loading  spectrum  and  the  S-N  data  are  specified,  the  tangent 
intercept  method  vrill  give  the  same  predicted  lifo  irrespective  of  the  loading 
sequence  or  the  block  size  of  the  unit  speotrum. 


In  terras  of  the  linear  cumulative  damago  process,  tho  basic  procedure  outlined 
for  the  tangent-intercept  method  implies  that  the  one  constant  amplitude  load 
in  the  test  spectrua  at  the  point  of  tangency  with  the  S-N  curve  is  tho  only 
load  which  creates  damage,  and  all  othor  loads,  both  above  and  below  this  level 
contribute  no  fatigue  damage.  This  is,  of  course,  known  to  bo-  unconsorvative. 


In  the  graphical  application  of  tho  procedure,  one  teat  opoctrum  of  a  gust  or 
a  maneuver  typo  may  bo  conveniently  conparod  with  on  appropriate  set  of  S-N 
curves  at  a  time.  If  tho  required  total. loading  spectrum  contains  other 
significant  types  of  loadings,  such  as  combined  gust,  maneuver,  ground  taxi, 
and  ground-air-ground  transitions,  the  graphical  procedure  boccuos  hopelessly 
inadequate  and  impractical. 


For  those  reasons  no  attempt  was-  made  to  dovelop  an  empirically  corrective 
procedure  to  reduce  the  unconservaticm  of  tho  tangent-intercept,  fatigue  life 
prodictiona. 
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STRESS  CONCENTRATION'  LtETHQD 

The  stress  concentration  procedure  is  a  method  of  stress  analysis  to 
as  accurately  as  possible  the  stress  distribution  in  local  regions  of 
discontinuities.  (Typical  references  1,  2  4  3  )  Before  specific  fatigue 
test  data  aro  available  on  a  part,  coupon,  or  joint  specimen,  the  analytical 
assessment  of  the  fatigue  quality  of  a  design  is  possible  only  through  means 
of  highly  refined  theoretical  and/or  photo-clastic  or  experimental  stress 
analysis  procedures.  This  typo  of  analysis  has  in  the  past  received  a  large 
amount  of  attention.  This  attention  is  currently  no  less,  and  work  will 
continue  to  expand  in  the  futuro.  A  large  body  of  literature  exists  which 
provides  solutions  for  many  types  of  discontinuities  and  applied  loading 
systems,  Hov/evor,  for  the  reasons  discussod  in  the  introduction,  applica¬ 
tions  of  this  analytical  approach  (including,  as  wall,  both  experimental 
photoolastioity  and  static  experimental  stress  analysis  by  means  of  strain 
gages  and  others)  can  only  bo  considered  a  rough  approximation  until  specific 
fatiguo  toots  can  bo  run. 

To  comploto  a  lifo  prediction  method,  the  stress  concentration  procedure 
must  bo  coupled  with  a  fatiguo  damage  theory.  For  evaluation  in  this  study, 
the  Miner's  simple  linear  cumulative  damage  hypothosia  was  chosen.  This 
method,  used  with  a  standardized  sot  of  S-H  data  for  various  geometrical 
Kv  values,  constitutes  the  basic  information  usually  availubla  in  early 
stages  of  design.  Tho  choice  of  tho  standard  S-Nf  curves  is, in  essence, 
arbitrarily  specifying  a  damage  boundary  chape  before  this  boundary  has 
been  determined  or  confirmed  by  tests.  For  important  complex  joints  or 
critical  areas  of  the  structure,  tile  tlmoly  confirmation  or  correction  of 
the  fatiguo  quality  and  the  life  prediction  by  fatiguo  teats  through  tho 
full  rango  of  tho  loading  opoctrua  is  of  utmost  importance. 
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FATIGUE  QUALITY  INDEX  MEfHOD  ■ 

The  Fatigue  Quality  Index  method  was  derclcpcd  to  overcome  the  difficulties 
inherent  in  tljo  use  of  tho  Tangent  Intercept  method  for  tho  interpretation 
of  a.  composite  spectrta  test  on  a  complex  joint,  Tho  ccnpo3ito  test  spoctrua 
is  generally  made  up  of  a  taxi. -load  spectrum  at  the  ground  static  moan  load 
level,  a  gust  and/or  manouvor  and  landing  spectrum  at  the  flight  static  moan 
load  levol,  and  ground-air-ground  transition  cycles  for  each  flight.  The 
spectrum  fatigue  results  aro  interpreted  by  the  use  of  the  simple  linearly' 
cumulative  damage  equation  to  specifically  define  (by  interpolation)  which 
of  the  standardized  S-K  curves  (identified  by  K<p  value),  when  used  in  conjunc¬ 
tion  toith  the  actually  applied  tost  spectrum,  will  exactly  satisfy  tho  equation: 


S 


1*2:; 


Tho  gtros’o  concentration  factor  vdii> 
Fatigue  Quality  Index  demonstrated  1  . 
loading  spectrum*  The  Quality  Indus 
established  quality  standard  or  oisi 
satisfactory  quality  is  achieved.  ' 
on  the  results  obtained  in  an  ident 
which  have  a  known  service  history. 


(All) 


identifies  these  curves  becomes  tha 
9fte  tent  spocimon  under  its  expected 
•ust  bo  equal  to  or  smaller  than  the 
•"design  and  retest  is  necessary  until 
..  established  quality  standard  is  teased 
•1,  consistent  analysis  of  many  joints 


For  comparative  purposes  the  quali*  ^calc  must  remain  fixed  and  the  analysis 
■  system  consistent  between  the  anal;  ■£  of  service  history  and  the  analysis  of 
tests  of  new  structure.  Generally  ^ complete  S-N  curvu  is  not  available 
for  each  complete  joint  or  critica  proa  of  tho  structure.  For  those  reasons 
one  set  of  S-M  ctita  for  tho  hard  ■  .xinui.a  alloys  has  been  fixed  and  all  tost 
interpretations  and  life  predictic  ^  ire  based,  on  tho  consistent  use  of  this 
standardized  set.  This  standard  is  set  of  S-if  curves  may  be  considered  an 
arbitrarily  defined  damage  bounclo;  pnd,  in  the  usage  outlined,  have  no  longer 
any  significant  relationship  to  ti  data  fran  which  they  were  derived. 

r 

For  it's  use  as  a  life  prediction  r  ).od  a  Fatigue  Quality  Indox  is  dote.rrJ.ned 
from  n  fatigue  test  in  which  a  ccm  j?itc  spectrum  of  all  anticipated  service 
loads  is  applied  to  suspect  areas  f  tho  structure.  Tho  Fr.tig*e  Quolit  1  riev  ■ 
dorivod  from  this  test  result  may  £  cons’ dcred  ..c  <.'•  a  tu  -t-de.  aj  d.r. .  .  v: 

boundary  on  wh-.ch  life  predictions  (Z  th4  a  si'  k  Mir)  may  he  ..unin  .fm  o'...r. 

similarly  leaped  ’  r.alrg  ipsvlra,  / 

T1  •  t,y  Iij  v; x  p.vc>ec>du”o  as  a  ’  if  i  rediction  method  ta  evaluated  alon. 

■■’ill.  the  other  selected  methods  by  i  /  1  teat  Lon  to  ..vd table  onto  from  the 

literature  anti  to  the  special  fa  tig  t*  ata  gono  rated  for  this  pro  gram,  V,. 
evaluations  aro  discussed  in  the  a.q  -Si  late  places  elsewhere  in  Uua  V'jj.v: 

See  Sections  III  through  VI. 
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APPENDIX  B 


APPLICATION  OF  SELECTED  FATIGUE  LIFE  PREDICTION 
METHODS  TO  PUBLISHKn  TEST~DATA - 


tati^°  life  prediction  methods,  conducted  i 
Appendix  A",  reduced  the  list  to  ten  which  wore  to  be  evaluated  nu^ericallV 

dLSiSdaS0AnSiSaScSiSO?f,rith  t?e  c®lected  spectral  fatleue  toot  daS^ 
d  *vV±7  ,  Appendix  C  .  It  was  also  decided  to  vary  the  nrocedura  nf 

CUr>e  £ittJ?8  1x1  ^  of  these  »®thods  to  determine  the  aignifi- 
least  ILTZU  S^Q°r  STEf"  M  0U™*>  one  »•*  de^d^a 

*i  &  STtSNsa  j^isss^  *  ■ 

thos^n^tSdrJaJmtt  calculated  ^E®  13  f^d.  Those  twelve  applications  ar 


!•  Minor's  Linear  Cumulative  Damage  Method. 


2’  SSS°J?,5JrFi  “°1thod  ”  Taria«t  "A",  with  host,  Tit  to  the  midstroos 
range  of  S-N  and  loading  spectra  data. 


3‘  r^Co?,s-fAIieith°?-'*  Variant  "D"i  wit}‘  best  fit  to  too  full -stress 
range  of  S-N  and  loading  spectra  data.  a 


h\  Shanluy's  »1X»  Method. 
?.  Shanley's  B2X*  Method. 


6'  For”‘ '  ",rl°"t  "k"‘  "ilh bMt  rit  *°  “» 


7‘  ?^2£?7L;°TlT£ll°rm  ” Variant  "D%  with  bost  rit  10  “» 


0r  Tangent  Intercept  Method. 

9 *  strej:3  Concentration  Procoduro  with  Linear  Cumulative  Damage. 


10.  Fatigue  Quality  Index  Method. 


11.  Modified  Corton-Dolan. 


12.  Nonlinear  Cumulative  Damage. 


* 

5?  5C«Eions  explain  the  applications  of  each  of  these  methods  to 

s~«  Sf LJ ;£S5uT of  Wot  °p°°iimna ror  "hlol‘  “o 


The  comparisons  of  the  predicted  fatigue  life  and  experimental  fatigue  up, 
are  given  in  Section  III  of  the  main  body  of  the  report.  2 


In  addition  to  the  direct  comparison  of  fatigue  livos  on  the  cycle  scale  a 

wSS£SSS£^ 
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stress  would,  of  course,  make  a  more  meaningful  assessment  of  the  effect  of 
cross-section  material  changes  in  design.  However,  since  the  influence  of 
the  mean  stress  is  not  expected  to  change  tno  order  of  i*anking  of  the  methods, 
the  more  simple  comparison,  was  chosen.  The  results  of  the  analysis  and 
comparisons  of  the  various  methods  by  the  stress  adjustment  factor  are  given  in 
Section  III  of  the  main  body  of  the  report* 

1*  Miner* e  Linear  Cumulative  Damage  Method 

The  diroot  application  of  Miner's  linear  cumulative  damage  method  Is 
staple  and  straightforward.  Tho  unit  cumulative  frequency  spectrum 
for  the  applied  loads  of  each  group  is  reduced  to  the  simple  number 
of  cycles,  in  each  stro3a  interval  in  Tables  31  through  U7  of. 
Appendix  C,  The  stress  intervals  are  those  used  in  each  particular 
test,  and  tho  reduction  from  the  accumulated  spectrum  to  the  simple 
apectru*  is  in  accordance  with  tho  definitions  given  in  Figure  55. 
Assuming  all  the  cycles  within  one  utreaa  interval  to  act  at  tho 
equivalent  stress  levol  approximately  the  raid  point  of  the  interval, 
the  allowable  number  of  cycles,  Ni,  at  that  stress  level  wus  inter¬ 
polated  from  the  appropriate  form  of  tho  S-N  curve j  i.o.,  symmetrical' 
varying  stresses  about  a  constant  moan  strosa  for  gust-typo  spootra. 
while  varying  stresses  that  maintain  a  corstont  minimum 
stress  were  used  for  tho  maneuver-type  spectra.  Tho  interpolating 
function  xs  a  straight  line  segment  in  Sy  -  Log  N  from  tabulated 
input  data  taken  at  relatively  closa  intervals*  Those  valuos  of  % 
aro  also  listed  in  the  Tables  31  through  U7  ,  Tho  individual  damage 
ratios  are  formed  and  summed  for  all  the  stress  intervals  to  fora 
the  damage  for  the  unit  spectrum,  Tho  lifo  prodiction  for  the  group 
is  then  computed  by  Equation  (Bl)» 


(  ^  nl )  unit  block 

(2  JO 

v  S*L/  unit  block 


Those  computations  wero  performed  on  the  IBM  7090  computer. 

The  stross  adjustment  ratio  was  determined  by  tho  Quango  in  slope 
of  the  accumulative  cpoctra  (i.e.,  constant  proportional  change  to 
the  stresses  of  all  intervals)  to  require  the  proooos  to  oxaotly 
predict  the  tost  lifo.  This  was  accomplished  by  an  iteration  proced 
programmed  for  digital  computation  on  the  IE?i  ?0?0  computer. 

Special  handling  was  found  neooseary  for  somo  oosoa  in  which  small 
changes  of  the  stress  adjustment  factor  would  increase  or  dooroaso 
the  oid-lntorval  stress  of  the  lower  block  in  tho  vicinity  of  tho 
enduranoo  limit  stress.  Bringing  in  or  dropping  out  of  tho  large 
number  of  cycles  in  this  last  block  could  indicate  a  disproportionate 
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shift  in  the  predicted  fatiguo  life  for  those  cases  whoro  the  S-N  data 
indicate  an  actual  endurance  limit,  or  those  cases  1q  which  an  arbitrary 
endurance  limit  had  been  aofined  at  IQ?  cycles. 


% 

\ 


2.  tundborg^  FFA  Method 


Since  Lundberg1 s  FFA  method  is  basically  an  analytical  form  of  tho 
linear  cumulative  damage  procedure,  application  consists  of  the 
determination  of  the  mathematical  curve  parameters  for  the  best 
fit  to  the  unit  applied  loading  spectrum,  and  those  for  best  fit  to 
the  appropriate  S-N  curve.  The  suggested  equation  for  gurt-type 
spectra  Equation  (Al5)  has  two  adjustable  parameters,  Hc,  the  inter¬ 
cept,  and  h,  the  slope  of  the  straight  lino,  which  is  a  best  fit  of 
the  unit  cumulative  relative  varying  stress  history  when  plotted  in 
semi -log  form  of  Sy  vs,  log  n,  a3  in  Figure  56.  The  parameters 
for  the  S-N  curve,  oC  and  from  Equation  (AlU),  represent,  respec¬ 
tively,  tho  intercept  arid  the  slope  of  the  straight  line  which  best 
fits  the  S-N  data  in  a  log(Sv  -  Sg)  vs.  log  M  plot  as  in  Figure  i>7» 
These  four  parameters  wore  determined  for  each  toot  case  using  the 
applied  unit  loading  spectra  and  the  appropriate  typo  of  S-N  data 
for  gust  spectra,  or  for  maneuver-type  spectra.  Tho  S-N  curves 
for  each  typo  of  specimen  were  determined  for  tho  applicable  moan 
stress  or  minimum  stress  through  interpolation  on  tho  Ghristonsen 
diagram  as  discussed  in  Section  D,  Vihuro  nocoaaary,  parumotors 
for  the  unit  loading  spectra  woro  biased  to  host  fit  tho  midstrocc 
range  in  tho  region  of  maximum  calculated  damage.  Tho  parameters 
for  the  5-N  curves  two  detwsvir.cd  for  tiro  cases t 


Case  (A)  for  a  beat  fit  to  tho  inidstross  range  of  S-N  data  in 
tho  region  of  maximum  calculated  fatigue  damage  ratios,  and 

Case  ( il )  for  a  beat  fit  to  tho  full  stros3  range. 

The  parameters  for  the  equations  af  Case  (A)  aro  given  in  Table  19 j 
those  for  Case  (B)  are  given  in  Table  22  for  tho  gust  spectra  tosto. 
The  unit  damage  computed  from  tho  unit  spectra  is  given  in  terms  of 
these  four  parameters  by  Equation  (Aid)  of  Appendix  A,  and  tho  pre¬ 
dicted  fatigue  life  is  computed  by  Equation  (A$)  of  Appendix  A. 

These  fatiguo  life  predictions  arc  listed  in  Table  21  for  tho  gust 
spectra  by  Casa  (A)  and  in  Table  22  for  Case  (13).  The  fatigue  life 
predictions  for  the  maneuvering  spectra  testa  aro  given  in  Table  2 3. 
The  geometric  mean  of  the  experimental  fatiguo  lifo  of  ouch  group  of 
touts  is  given  in  each  table  for  direct  comparison.  These  data  aro 
plotted  in  Figures  5  and  6  in  Section  III,  whore  comparisons  of 
those  results  with  those  of  other  methods  arc  diacu?sed. 


Tho  stress  adjustments  required  to  predict  exactly  tho  experimental 
fatiguo  life  wero  determined  for  each  test  group  by  trial  manipula¬ 
tions  of  the  unit  test  spectra  elope  parameter  h,  maintaining  Hc 
the  intercept  constant.  The  resulting  stress  adjustment  factorti  are 
listed  in  Table  2l*  for  the  gu:. t  loading  apectru,  and  in  '.[able  ?.’l  for 
tho  manouveri ng-typo  spectra. 
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3.  ShanIoyt5  "lX"  Method 

In  predicting  fatigue  life  with  Shanley*3  wlln  method,  reduced  varying 
strewos  were  computed  for  each  of  the  loading  spectra  that  were  com¬ 
pared  with  test  data.  The  number  of  applied  cycles  ni  and  the  corres¬ 
ponding  relative  varying  stresses  Sv^  above  the  endurance  limit  were 
provided  from  the  test  spectra  in  Tables  31  and  1*7  of  Appendix  C. 

The  exponent  <5  in  Equation  (a6)  was  evaluated  from  the  pertinent  S-N 
data  by  a  least  square  straight  line  fit  to  a  plot  of  log  Sv  versus 
log  N,  In  securing  this  fit ,  S-N  data  points  for  the  low  stresses  near 
the  endurance  limit  were  omitted  because  thoso  stresses  did  not  generally 
lie  on  or  near  the  straight  line  which  fit  beet  the  rest  of  tho  S-N 
data.  After  the  exponent  6  has  boon  obtainod  from  S-N  data,  tho  solution 
of  Equation  (A?)  for  a  relative  reduced  stress  Sr  corresponding  to  tho 
stresses  above  tho  endurance  limit  in  a  loading  spectrum  i3  straight- 
foi-ward.  The  predicted  number  of  cyclos,  Nr,  to  failure  for  load  lovel3 
abovo  the  endurance  Unit  are  thon  read  from  the  appropriate  S-H  curve 
at  tho  computed  value  of  Sr.  Predictions  of  fatigue  life  in  terns  of 
cycles  of  applied  loads  at  all  levels,  including  those  below  tho 
endurance  limit,  in  a  unit  loading  spectrum  are  thon  obtained  from 
Equation  (A13)  by  multiplying  Mr  by  tho  ratio  of  total  number  of  cycles 
in  the  unit  block  to  the  number  of  load  cycles  applied  abovo  tho  ojuiuranco 
limit.  The  rorulting  life  predictions,  Ml,  aro  listed  in  Tablo  21 
for  gust  loading  spectra  and  Tablo  23  for  maneuver  loading  spectra. 

Stress  adjustments  were  also  computed  by  interpolations  to  make  tho  "IX" 
method  exactly  predict  the  test  results.  These  adjustments  nro  given 
in  Tables  21*  and  25. 

1*.  Shanley’s  »'2X"  Method 

The  fatigue  lives  for  Shanley’s  ”21'’  Uothod  in  Tables  21  and  23  wore 
determined  from  Equations  (All)  and  (A13)  in  a  similar  n-mnor  as  for 
3hanley*a  "IX"  Method,  Tho  proportional  stress  adjustment  factors 
determined  by  this  method  to  exactly  predict  fatigue  tost  lives  are 
given  in  Tables  21*  and  2$, 

$,  Generalized  Henry* 3  Method 

Fatigue  life  predictions  by  tho  generalized  Homy’s  Method  wore  computed 
for  each  of  the  teat  groups  by  the  alternate  application  of  Equations 
(A2l*)  and  (A25).  of  Appendix  A,  and  accounting  for  tho  sequence  of  loading 
in  the  tost  block  of  each  unit  spectrum  until  the  damage  reached  a  value 
of  unity.  The  number  of  blocks  repeatedly  applied  to  roach  tho  damage 
value  of  unity  is  then  the  measure  of  the  predicted  fatigue  life. 
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The  parameters  ft  &  Sfc*  in  Equations  (A2li)  and  (A25)  wero  determined 
for  each  of  two  cases  of  curvo  fitting. 


Case  (A)  is  the  best  fit  line  in  tho  limited  mid-etrosa  range  in 
the  region  of  maximum  calculated  damage,  from  the  graphs  o? 
log  (Sy  -  Sg)  vs,  log  N. 

Case  (B)  is  the  best  fit  line  for  the  full  stress  range  on  the 
graphs  of  log  (Sy  -  Sg)  vs,  log  N, 

These  parameters  are  given  foe  each  teat  group  in  Table  17  for  the 
gust  loading  spectra  utilizing  tho  Casa  (A)  curvo  paramators  for  the 
S-N  data,  and  in  Table  22  for  the  Case  (B)  curvo  parameters,  the 
S-W  curvo  parameters  for  tho  maneuvering  spectra  tests  are  given  in 
Table  20  .  The  cyclos  to  failure  N  at  each  of  tho  stress  levels, 
used  in  testing  wore  read  from  an  S-N  curve. 

The  fatigue  life  calculated  for  each  group  of  tosts  is  given  in 
Tables  21  and  22  for  the  gust  3poctra  loadings  with  the  Ca3e 
(A)  and  Case  (B)  forms  of  S-N  data,  reapeotivoly,  and  in  Table  23 
for  the  raanouvor  spectra  teat  groups  in  which  only  Caao  (8),  the 
best  fit  for  tho  full  range  of  S-!l  data,  was  used,  Tho  experimental 
tost  results  are  also  given  in  thesa  tablos  for  direct  comparison, 
Thcao  predictions  are  plotted  along  with  the  prediction  results  of 
tho  other  methods  and  with  tho  experimental  results  for  •comparative 
evaluation  of  oach  of  the  methods  in  Soction  III  in  tho  main  body 
of  tho  report. 

In  addition  to  tho  fatigue  .life  evaluation,  the  Generalized  Henry 
procedure  is  U3ed  to  determine  the  proportional  3tro»33  adjustment 
factor  required  to  predict  exactly  tho  test  life,  Thoso.  factors 
aro  listed  in  Table  2 U  for  the  guct  apoctra  test  groups  and 
in  Table  25  for  tho  maneuver  spectra  groups,  Thoso  results  are 
also  compared  with  tha  results  of  other  methods  in  Section  III  of 
the  report. 

In  several  of  the  test  groups  (Gh2  and  Gii3)  it  was  noted  that  a 
damage  ratio  in  exoos3  of  unity  was  achiovad  within  ono  of  tha 
stress  intervals,  Tho  computing  procedure,  of  course,  recognizes 
tills  as  failuro  and  predicts  life  as  lass  than  the  unit  block  size 
although,  experimentally,  these  groups  lasted  from  approximately 
twelve  to  sixteen  time3  longer  than  predicted.  Dior, a  vrare  extrema 
cases  of  tho  High-to-Low  sequence  of  loading  within  tho  tost  block 
ir.  .fhich  very  few  Hooks  wero  appli'd,  lies j dual  stresson  from  early 
plastic  yielding  no  doubt  greatly  tenofitod  tho  net  cffoctiv©  fatigue 
otreco  at  the  po-ik  ctrc33  point.  These  examples  point  up  the  im¬ 
portant  influence  tost  variables  of  bin  have  on  fatigue  life  in  tha 
laboratory,  Tho  probability  of  those  typo  events  occurring  in 
service  eanivat  bo  deduced  from  current  data  reduction  procedures. 
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6.  Tho  Tangent  Intercept  llothod 

The  fatigue  lives  predicted  by  tho  Tangent  Intercept  mothod  wer« 
secured  by  locating  the  paint  at  which,  the  cumulative  loading 
ciMtctrum  was  tangent  to  tho  appropi  iate  S-N  curve  and  applying 
Egvmtion  (AJiO  )  to  arrive  at  tho  total  cumulative  number  of  cycles 
in  the  tangent  spectrum. 

Tho  stress  adjustment  factor  was  also  derived  by  trial  changes  in 
tin)  slope  of  the  loading  spectrum  until  tho  total  cycles  prediotod 
agreed  with  tho  experimental  test  results, 

• 

Tho  fatiguo  life  predictions  arc  listed  in  Tabic  21  for  oach  group 
of  t;ust  loading  spectra  tests.,  and  in  Table  23  for  each  group  of 
maneuver  loading  spectra  teats.  Tho  experimental  values  are  also  given 
for  direct  comparison.  Tho  stress  adjustment  factors  are  listed  in 
Tablos  2lt  and  25  for  tho  gust  and  manouvur  loadings,  respectively. 

!•  Stress  Concentration  Factor  Method 

Tho  stress  concentration  factor  mutl.od  as  doscribod  in  Appendix  k 
is  an  analytical  stress  analysis  procedure  for  defining  the  local 
critical  stress  state  which,  when  coupled  with  a  fatiguo  damage 
theory,  may  bo  used  to  predict  fatigue  life.  Its  awn  of  usage 
is  limited  to  preliminary  design  assessments  in  which  only  mini¬ 
mum  information  is  available.  Tho  application  oT  this  procedure 
mah'OS  use  of  tho  simple  linear  cumulative  damage  hypothesis.  Tho 
appropriate  S— II  curve  is  sciootod  from  the  group  of  standardized 
S-4I  data  in  Figuroa  i>0  to  62  by  mearm  of  tho  theoretical  strous 
coiicent.rc.tton  factor  reported  for  each  particular  test  specimen. 

Thirty  group 3  of  data  from  thooo  listed  in  Appendix  C  Ycoro  analyzod 
by  this  procedure.  The  restating  fatiguo  lifo  prodictions  are  listed 
in  Table  21  for  tho  gust  spectra  tests.  Tho  experimental  fatigue  life 
for  ouch  test  group  is  also  listed  for  comparison. 

Tho  3tress  adjustment  factors  w?re  determined,  using  the  sane  sets 
of  data,  to  make  tho  predicted  fatiguo  lifo  oqual  to  the  experimental 
fatigue  lifo.  Those  factors  ore  liotod  in  Table  2h  for  tho  gust 
spectra  toots.  Comparisons  ol’  tho  results  of  thesa  predictions  with 
those  of  tho  other  me  thods  choaon  for  evaluation  arc  given  in  Section 
III  in  tho  main  body  of  the  report. 

8 .  Fatigue  Quality  Index  Method 

The  Futiguo  Quality  Index  method  was  usod  to  prodict  fatigue  life  for 
thirty-throe  test  ijroupa.  Tho  application  of  this  mothod  requires 
tho  use  of  ono  upoctral  fatiguo  test  result  to  determine  by  interpola¬ 
tion  which  k  curvo,  of  the  standard  set  of  S-N  data  (Figuroa  59  to  62),  is 
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Figure  53  Standardized  S-K  Curves 
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required  to  make  the  linear  cumulative  damage  equation  equal  unity  j 

for  this  test  result.  Interpolation  of  these  standardized  S-N  curves 
to  the  mean  stress  of  each  test  group  is  made  from  Christenson  diagrams 
similar  to  those  described  ir»  Appendix  D,  The  test-derived  Fatigue 
Quality  Index  or  K  is  listed  in  Table  26  for  all  of  the  gust  opoctra 
that  were  applied  to  aluminum  spocimens  and  in  Table  27  for  maneuver 
spectra  applied  to  aluminum  specimens.  One  of  these  test-derived  K 
is  used  as  a  base  test  to  predict  the  fatigue  life  of  identical  speciraons 
loaded  under  othor  similar  typos  of  spectra. 

To  reduce  the  bias  in  choice  of  the  base  test,  only  those  test  groups 
wore  selected  which  had  a  quasi-random  or  Lo-Hi-Lo  loading  sequence 
in  conjunction  with  the  sa;iw  and  other  type3  of  loading  sequencos  in 
similar  test  groups.  These  selected  spectrum  tost  groups  were  first 
usod  to  derive  the  h  for  which  Equation  ( AUl)  was  exactly  satisfied,- 
The  resulting  value  of  K  was  thon  used  to-  obtain  fatigue  life  predic¬ 
tions  for  the  tost  groups  that  arc  noted  in  Tablu  21, 

The  stress  adjustment  factors  in  Table  21*  were  also  determined  for  thi3 
same  sot  of  tost  groups  to  mako  the  predicted  fatigue  life  oxactly  match 
the  tost  life  when  using  the  previously  derived  Quality  tndox  in  the 
linear  cumilative  damage  procoduro.  . 

The  Quality- Tndox  Procedure  is  effective  only  when  fatigue  life  predictions 
are  made  for  loading  spectra  that  have  approximately  the  same  shape  of 
slope,  the  same  number  of  loading  stops,  relatively  similar  stroas  incre¬ 
ments,  fairly  close  mean  loads,  equivalent  block  sLzes,  identical  loading 
sequences  and  essentially  the  some  point  of  fatigue  failure.  All  of 
those’  conditions  were  not  satisfied  between  any  two  of  the  Test  Oroups 
that  woro  am? Vied.  Just  to  consider,  for  example,  tho  point  of  failure 
on  tho  C-I16  vein;;,  in  Test  Group  No,  G^6  whore  tho  occurrence  of  a 
critical  crack  on  tho  complotu  wing  was  used  to  select  a  test-derived 
K  for  analyzing  Tost  Groups  a£L  to  G55  and  C57.  A  total  of  six  critical 
cracks  occurred  in  Test  Group  G56,  four  at  Wing  Station  195,  one  at  Wing 
Station  2oh,  and  ono  at  the  corner  of  tho  inspection  cutout  B  at  WS211* 
in  Figaro  68.  Out  of  these  Wing  Stations  at  which  critical  cracks 
occurred,  only  Wing  Station  211*  was  analyzed  by  tho  Quality  Indox  Method, 
'Tliis  analysis  of  Wing  Station  21)*,  however,  was  for  crack  initiation  at 
tho  coi-ner  of  tha  inspection  cutout  plato  at  H  in  Figure  68  rather  than 
the  corner  of  the  inspection  cutout  at  B. 

9 .  Modified  Carton  and  Dolan  and  Nonlinear  Curilatlvo  Damage 

Tho  exponent  b  in  Equation  (A31)  of  tho  Modifiod  Corton-Dblan  method  and 
tho  exponent  c  in  Equation  (A32)  of  the  nonlinear  cumulative  damage  method 
woro  evaluated  from  the  test  data  in  tho  manner  dnscribod  in  Appendix  A. 

The  resulting  valuos  arc  tabulated  in  Table  28  for  gust  loading  spectra 
and  in  Tablo  29  for  manouvor  loading  spectra. 

Fatigue  lifo  predictions,  however,  were  not  made  with  either  tho  Modified 
Corten-Dolan'a  or  nonlinear  cumulative  damage  methods,  since  the  resulting 
average  values  of  1.097  for  b  and  1.077  for  c  we»-o  extremely  close  to  the 
valuo  of  unity,,  ’'hi  n  either  of  these  exponents  roach  this  value,  the 
corresponding  method  reduces  to  the  concept  of  1 inoar  cumulative  fatiguo 
damage . 
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(b)  Parameter  in  Equation  (All;)  (Best  fit  in  the  aidstre3s  range.) 

(c)  Parana ter  in  Equation  (A6)  (Best  fit  to  the  complete  stress  range.) 

(d)  Parameter  in  Equation  (Al8).(3est  fit  in  the  midstress  range.) 
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(a)  Sea  rote  on  sreTious  page. 

(b)  See  note  on  previous  page. 

(1)  Prediction  ignored  singularity  at  a  varying  stress  equal  to  the  endurance  limit  in  the  loading  *-«ctrun 
( j )  Used  as  master  spectrum  to  determine  damage  boundary  with  K'of  >.27  for  test  groups  No.  Citn  h  Zip. 
Reference  Table  26. 
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)n'  j  K  of  3.33 

(n)  '  K  of  3.08 

(o)  Used  as  Master  Spectrum  tc  determine  damage  boundary  with  K  of  3.19  lor  lest  Group  No. 
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>0 

>8 

>8 

>8 

6.96 

>8 

8.26 

6.06 

6.91 

6. as 

3.87 

a.Jil 

a.10 

3.77 

)i.62 

a. 11 

3.23 

3. aii 

3.33 

3.65 

a.  02 

3.85 

2.96 

3.18 

3.08 

3.U6 

3.83 

3.6U 

3.12 

3.25 

3.39 

3.52 

3.9U 

3.80 

ill 


<V 


•< 


5 


js  •  \ 
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TABLE  28 


EXPONENTS  FOR  THE  MODIFIED  CORTEN- DOLAN 
AND  THE  NON -LINEAR. CUMULATIVE  DAMAGE 
METHODS  FROM  GUST  LOADING  SPECTRA 

(Concluding  page  of  table) 


Test 

Group 

No. 

Sequence 

• 

Geometric 
Mean  of 
Tost  Life 
(Cycles) 

Exponents 
b  c 

Modified  Mon-1 inoar 

Corten  4  Cumulative 
Dolan  Damage 

G28 

Lo- 

-Hi-Lo 

1*10700  . 

1.032 

1.087 

G29 

li?80OOO 

1.293 

1.23Z 

G30 

21732000 

.31*9 

.91*3 

031 

129700000 

•  559 

.911* 

032 

25710000 

.919 

.966 

033 

75375000 

.371 

.968 

G3U 

151966000 

.802 

.96? 

035 

2991*000 

1.323 

1.51*9 

G36 

27558000 

1.276 

1.171* 

G37 

1009 '36000 

1.089 

1.032 

G38 

1*060000 

.995 

.996 

039 

17902000 

.865 

.91*3 

GUO 

Lo« 

-Hi-Lo 

50367000 

•  61*7 

.913 

GUI 

Lo- 

-Hi 

1899000 

l.QOl* 

1.016 

Gl*2 

Hi- 

•Lo 

22790-00 

1.065 

1. 1*1*2 

01*3 

2810000 

1.11*2 

■* 

01*1* 

1*57700 

1.21*1 

• 

Ol*5 

161*1100 

.965 

.891* 

Gl*6 

Hi- 

-Lo 

92900 

1.073 

1.296 

GU7 

Lo- 

-Hi 

1228000 

1.232 

«• 

Gl*0 

Lo- 

-Hi-Lo 

132900 

1.128 

1.056 

GU9 

121500 

3.032 

1.010 

G50 

Lo- 

-Hi-Lo 

71*100 

1.211* 

1.101 

Q51 

QR 

1*179  OOO 

1.210 

1.21*1 

052 

1 

UL53000 

1.136 

1.171 

G53 

2307000 

1.059 

1.063 

051* 

2070000 

1.232 

1.257 

055 

1252000 

1.021* 

1.03S 

G56 

331*1*000 

1.138 

1.180 

G57 

OR 

9666OOO 

1.267 

1-293 

058 

TR 

1*16800 

1.030 

1.093 

G59 

Lo- 

•Hi-Lo 

556600 

I.O63 

1.025 

G60 

TR 

1521000 

1.151 

1.272 

G6l 

Lo- 

-Hi-Lo 

953300 

1.11*5 

1.01*6 

G62 

TR 

2520000 

1.11*3 

1.277 

G63 

Lo- 

-Hi-Lo 

i!*95ooo 

1.222 

1.076 

G61* 

TR 

2017000 

1.161* 

1.312 

g65 

Lo- 

-Hi-Lo 

1038700 

.91*8 

.983 

Average  of  Gust  4  Maneuver  Spectra  1.097  1.077 


y+yrr^.-^-pr**’  •y^y^yr^r  -  r~, 

rtf^niiiimiUini1~^ln.;jif>av.»ti;iiiiii7n:i7ir^Lar;iiil'>wi|-'tiMruvfli'<iff  itr.MAiv-iaiiMi-'v'i-i 
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TABLE  29 

EXPONENTS  FOR  THE  MODIFIED  CORTOT -DOT  AN  AND 
NOM-LTNRAR  CUMULATIVE  DA)*AQE  METHODS 
FROM  MANEUVER  LOADING  SPECTRA 


Teat 

Group 


SeRuenco 


OeomotriQ 

Mean 


Exponents 


No. 

' of  Test" 
Life 
(Cycles) 

Modified 
Corten 
k  Dolan 

Non-lino ar 
Cumulative 
Damago 

Ml  . 

Lo~!fi-£o 

.303 

1.605 

1.173 

M2 

Ji99 

1.283 

1.065 

M3 

,  1 

.903 

1.131 

1.026 

MU 

•205 

1.U96 

l.llii 

n5 

.716 

1.703 

1.0li2 

V6 

.903 

.905 

.983 

M7 

‘ 

2.21? 

.715 

.983 

MO 

.069 

1.311 

1.107 

M9 

.21’i 

l.Vfe 

1.105 

?no 

l.Ji77 

2.238 

l.l>t5 

Mil 

.195 

.9U5 

.983 

Ml  2 

.370 

.976 

.99U 

M13 

Lo-:-« 

'1  -Do 

1.0)i2 

l.Uilt 

1.022 

Average  of  liuit  v  nan-savor  opvctra  1.0?7 


1.077 
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APPENDIX  C 


SPECTRAL  FATIGUE  TEST  DATA  FOR  TIIK  gYALQATION 
OF  FATIGUE  LIFE  PiyjJICUOU  METHODS 


To  evaluate  and  compare  the  fatigue  lire  prediction  methods  studied  In  this 
program,  a  search  was  made  for  suitable  experimental  data.  The  suitability 
was  judged  on  the  basis  nf  the  following  criteria: 

1.  Complexity  -  To  cover  the  range  and  types  of  loading  encountered  in 
aircraft  service,  spectral  fatigue  test  results  were  required. 

2.  Loading  type  was  restricted  to  axial  loading  a3  more  representative 
of  the  efficient  stressing  of  the  shell  structure j  bonding  data  were 
considered  unsatisfactory,  except  for  the  full  scale  airframe  com¬ 
ponent  teat  data. 

3.  Constant  amplitude  S-H  data  on  each  of  the  specific  specimens  ware 
required  in  addition  to  the  spectral  results. 

Within  those  criteria  78  sets  of  data  suitable  for  most  of  tho  methods  were 
collected  covering  approximately  2 66  individual  specimens. 

OUST  SPECTRA  TEST  RESULTS 


While  gu o t  spectra  were  used  in  most  of  the  tests,  maneuvering  typo  data 
were  located  for  some  specimens.  These  maneuver  testa  will  ba  described 
in  tho  next  section.  The  gust  spectra  were  applied  to  the  various  spec¬ 
imens  1  'nadlng  sequences  that  aro  shown  In  Figure  63.  In  tho  quasi-random 
loading  tc-is,  the  order  of  application  of  tho  different  varying  loads  was 
irregular,  with  the  total  number  of  cycles  applied  at  each  varying  load 
being  equal  to  those  specified  in  tho  unit  loading  spectrum.  The  number  of 
loading  stops  and  the  number  of  load  cycles  employed  in  the  unit  spectra 
covered  wide  ranges.  Loadi:»g  steps  ranged  from  3  to  18,  the  load  cycles  in 
the  unit  spectra  ranged  fron  approximately  5, POO  to  3,000,000  cycles.  Other 
pertinent  test  variables  aro  noted  in  Table  30  and  in  the  summary  that  follows. 
These  include  types  of  loading  sequences,  specimens,  materials,  and  moan  load 
levels  used  in  tho  various  tests.  S-N  data  were  also  obbainod  on  all  fatigue 
specimons  in  part  of  each  test  program  for  which  data  uro  reported  ur.dor  load¬ 
ing  of  variable  magnitude. 


In  general,  the  gust  tests  were  conducted  under  the  following  conditions: 


a.  Lo-lii,  Hl-Lo,  Lo-Hi-Lo,  Hi-Lo-Hi,  and  quasi-random  loading  sequences 
were  applied  to  tho  notched  sheet  specimens  of  Figure  61*  which  wore 
made  of  202l*-T3  aluminum  alloy  and  tested  at  net  area  mean  stresses 
of  0  and  17.U  ksij  and  of  7075-T6  aluminum  alloy  tested  at  not  area 
mean  streasos  of  0,  10,  and  20  ksi  (reference  16).  The  gust  spectra 
A  and  B  specified  in  reference  3?  wore  used  in  this  tostlng.  The 


applicable  unit  loading  spectra  and  S-N  data  are  presented  in 
Tables  31  and  32  and  Figures  70,  71,  62,  ar.d  63,  The  brackets 
behind  or  under  F^u  in  these  tables  and  some  of  these  figures 
(S -B  curves  only)  denote  that  this  value  of  F^u  was  divided 
Into  tho  net  area  stresses  to  obtain  the  relative  varying  and 
mean  stresses,  S*  and  The  magnitude  of  the  relative 

varying  stress  in  Figures  70  and  71  was  increaaod  as  mean  stress 
was  reduced  in  this  series  of  tests,  maintaining  essentially 
the  same  maximum  stress  spectrum. 

b.  Lo-Hi-Lo  sequence  was  applied  on  the  double  shear  riveted  joints 
of  Figure  65  which  were  made  of  202l*-T3  as  presented  from  Refer-* 
once  17*  These  were  tested  at  not  area  mean  stresses  of  15.5* 

9*3*  6.2,  and  6*9  ksi.  The  same  loading  sequence  was  applied 
in  tests  to  unnotched  sheet  of  ?0?5»T6  (Figure  65)  at  net  area 
mean  stresses  of  15.1*,  12.1*,  and  11.1  ksi;  to  butt  joints  of 

7075-T6  (Figure  65)  at  gross  area  mean  stresses  of  13*2,  8.9 » 
and  6.6  ksi|  and  on  strips  of  Cr-No  steel  (Xi-ure  65)  with  a 
centrally  located  hole,  at 'net  area  moan  stresses  of  1*3.1*  33*5* 
and  27.5  ksi*  Unit  loading  spectra  and  S-N  data  for  this  aeries 
of  tests  are  presented  in  Tables  33  to  36  and  in  Figures  72  to  75* 
and  81*  to  87.  In  this  series,  the  varying  loads  were  decreased 
when  reductions  vers  made  in  mean  stress  levels.  This  may  be 
seen  in  Figures  72  to  75» 

c.  Hi-Lo  or  Lo-Hl  sequence  woe  applied  only  once  to  lap  joints  of 

202l*-T3  with  a  aingle  row  of  flush  rivots  (Figure  66)  and  tested 
at  a  gross  area  mean  load  of  975  lbo.;  to  laD  Joints  of  7075-T6 
with  a  single  row  of  flush  rivots  (Figure  66)  and  tested  at  a 
groaa  area  mean  load  of  1,055  lbs.  (Reference  18)  Tho  unit 

loading  spectra  used  in  these  tests  and  tha  related  S-N  data  are 

given  in  Tables  37  to-  39  and  shown  in  Figures  76  to  78  and  88  to 
90.  in  these  tables  and  figures,  the  rolutive  stresses,  Sy  and 
Smeon  based  on  the  ratio  of  applicd-to-ultimate  static  load 
while  in  Tables  UO  and  1*1  to  follow,  they  correspond  to  a  similar 
ratio  of  load  factors.  The  applicability  of  not  or  gross  area  in 
securing  relative  stress  levels  is  denoted  in  the  brackets  near 
tho  ultimate  lpad  or  load  factor  on  each  table  or  S-J!  verve. 

d.  Lo-Hi-Lo  sequence  is  applied  to  notched  plates  of  D.T.D  363A  (a 

British  sine-aluminum  alloy  that  is  similar  to  7075-T6)  at  a  not 
area  moan  stress  of  14  ksi  (Reference  19).  The  unit  loading  spectra 
In  Table  1*0  and  in  Figure  79  wore  used  in  testing.  Applicable  S-N 
data  ara  presented  in  the  sane  table  and  in  Figure  91. 

e.  A  quasi-random  sequence  of  loads  was  applied  to  a  complete  C— U6  wing 
for  the  purpose  of  determining  the  experimental  load  history  at  the 
initiation  of  tho  first  crack}  at  the  initiation  of  the  critical 
crack  that  propagated  to  failure  under  continued  loading,  and  at  the 
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estimated  time  for  final  failure  of  the  wing  (reference  20).  Tost 
renulta  were  alee  screened  for  crack  initiation  at  W.S.  180.  M.5.  2lU, 
W.S.  228,  and  W.S.  239  which  had  measured  local  mean  stresses  of  7»1» 
5.2,  6.3,  and  6.0  ksi ,  respectively.  All  tests  were  conducted  under 
the  gross  area  loading  spectrum  described  in  Tables  hi  and  1*2  or  In 
Figure  80.  S-N  data  aro  also  presented  in  these  tables  or  in  Figures 
92  and  93. 

f.  Lo-Hl-Lo  and  true  random  sequences  of  loading  were  applied  to  a  complete 
P-51  wing  at  a  mean  load  of  17,900  lbs.  for  determining  initiation  of 
failure.  (Reference  21)  Final  failure  resulted  in  the  gun  boy  (approx¬ 
imately  W.S.  28)  and  in  the  tank  bay  (W.S.  80),  The  two  gross  area 
loading  spectra  in  Tuble  1*3  or  Figure  81  were  vised  in  this  sories  of 
tests  with  the  related  S-N  data  presented  in  the  same  Table  and  in 
Figures  9h  and  95. 

Experimental  results  for  each  of  the  preceding  series  of  tests  a» 
tabulated  in  TaMe  1*8.  This  table  sorts  tho  data  from  239  individual 
gust  spectrum  tests  into  65  groups  of  test  results  according  to  mat-  ■ 
erial,  apoclraon  configurations,  loading  spectrum,  and  ouhor  pertinent 
experimental  variables. 

MANKUVT.R-.SPKC.TttA  TEST  nKT.PlTS 

Unit  maneuver  epectra  wore  used  in  some  of  the  tests  that  were  seloctod  from 
the  literature  to  bo  correlated  with  fatigue  life  prediction  methods.  These 
unit  maneuver  spectra  wore  applied  In  a  series  of  testa  that  are  reported  in 
Reference  17,  These  testa  wore  conducted  undoo*  the  Lo-Hi-Lo  sequence  of  Fig¬ 
ure  96  on  double  shoar  riveted  Joints  of  202U-T3  (Figure  . 65)  at  net  area 
minimum  stresses  of  5*1,  3*3,  and  3*1  ksi,  and  on  unnotched  shoot,  of  7075-T6 

at  net  area  minimum  stresses  of  9*6,  7*7,  6.1;,  and  h«8  ksi.  IXitt  joints  of 

7075-T 6  (Figure  65)  were  tested  at  gross  area  minimum  stresses  of  5*3. 
and  3*3  ksij  and  strips  of  Cr-Mo  steel  with  a  centrally  located  hole  (Figure 
65)  wore  tested  at  not  area  minimum  ntrecoeo  of  16.7,  1.5,1,  and  12.6  ksi. 

The  unit  loading  spectra  and  S-N  data  for  this  series  of  toots  are  presented 
in  Tables  U*  to  1*7  and  in  Figure*  97  to  10h.  Similar  to  the  aeries  of  tests 
conducted  undor  unit  gust  loading  spectra  in  Reforonco  17,  the  magnitude  of 
tho  varying  loads  was  docruasod  with  reductions  in  mean  load  levols  as  shown, 
in  Figures  97,  98,  99 1  and  100.  Twenty-coven  experimental  fatigue  lives 
undor  those  unit  maneuver  spectra  were  sorted  into  the  13  test  groups  listed 
in  Table  1*9. 

The  application  of  these  data  to  the  numerical  evaluation  of  ten  of  the  fatigue 
life  prediction  methodo  selected  for  this  phase  of  tho  study  is  described  in 
detail  in  Appondix  B.  The  results  and  conclusions  drawn  from  the  evaluation 
are  given  in  Section  III  in  the  main  body  of  tho  report. 


TABLE  30  _  - 

TEST  VARIABLES  TO  BE  CONSIDERED  WITH  MEAN  AND  VARYING  STRESS  M 
ANALYZING  FATIGUE  LIFE  PREDICTION  METHODS 


SEQUENCE 


NO.  OF 
TEST 
OROUPS 


Lo-Hi 

8 

Hi-Lo 

10 

Quaai-Randem 

17 

Lo-Hi-Lo 

37 

Hi-Lo-Hi 

2 

True  Randan 

4 

NO.  OF 

NO.  OF 

LOADING 

TEST 

STEPS 

GROUPS 

3 

4 

5 

3 

6 

4 

8 

21 

9 

26 

10 

1 

11 

4 

16 

7 

i8 

6 

BLOCK 

SIZE 


54io 

6290 

7500 

10200 

13290 

30000 

30200 

32860 

50000 

50100 

50900 

59670 

92900 

100000 

100200 

164400 

360280 

457700 

500000 

1228000 

1899000 

2279000 

2843000 


NO.  OF 
TEST 
GROUPS 


MATERIAL 


TYPE  OF 
SFKCTRUM 

NO.  OF 
TEST 

OROUPS _ 

Oust 

Maneuver 

65 

13 

NO.  OF 
TEST 
OROUPS 


Cr-Ko  Steel 
D.T.D.  363A 


TYPE  OF 
SPECIMEN 

NO.  OP 
TEST 
GROUPS 

Notched  Sheet 

27 

Double  Shear 
Riveted  Joints 

7 

Unnotched 

Shout 

7 

Butt  Jointe 

6 

Strips  with 
Hole 

6 

Ono  Row  Lap 
Joints 

6 

Two  Row  Lap 
Joints 

1 

Notched  Plate 

3 

C-46  Wing 

P-51  Wlrg 

7 

fl 

0 

Centers 


l‘  i&icb 

o  o  o  o  o  o  t^p 


Single  -  Row  i'luch-Rivoted  lap  Joint 


t  Inch 
f\<  ntero- 


•-  . .  4-- 

2 


i . 


O  O  o  O  o  O  l  Inch 


O  O  O  O  O  O  O  O  lap 


Double -Rov  Flush-Riveted  Lap  Joint 
(length  between  Gripn  la  Approximately  12  Inc hen) 


Figure  66  Riveted  -  Tap  Joint  Specimens  for.  vhLeh 
Fatigue  Tent  Data  are  Presented  in 
Reference  Id 
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Note  lied  Plate  Specimen  for  which  Fatigue  Test  Data 


iiiais* 


190  210  230  250 

Wing  Station 

D  Internal  Doubler 
E  Internal  Doubler 
H  Corner  of  Cutout 


Figure  63  C-U6  Wing  Specimen  for  which  Fatigue 
Test  Data  are  Presented  in  Reference 
20  and  23 


A5D  Tft  62.  -  iijl* 
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Be/  Failures 
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Figure  £•?  P51  Wing  Specimen  for  Which  Fatigue  Test  Data  are  Presentee 

ia  Reference  21 


TABLE  31 


UNIT  GUST  LOADING  SPECTRA  AND  S-N  DATA  FOR  NOTCHED  SHEET  SPECIMENS 

202ij-T3  ALUMINUM  ALLOY 
(Reference  16) 


Ptu  -  7?.l  KS t  (Net  Area) 


Loading  fLnax 
Step  KSI 

n 

N 

faax 

KSI 

n 

K 

Gust  Spectrum  B 

Oust  Spectrum  A 

l*nean  *  17.1*  KSI  ^mean 

«  «2hl 

^mean  ’  3-7.h  KSI  Siaoau 

-  .21*1 

1 

18.1 

.010 

62000 

w* 

18.1 

.010 

h6800 

2 

19.5 

.029 

2h000 

- 

19.5 

.029 

27200 

— 

3 

20.9 

.0h9 

9h00 

m 

20.9 

.019 

11*500 

- 

l* 

22.3 

.068 

3h00 

1300000 

22.3 

.068 

6800 

J30000' 

23.7 

.087 

080 

270000 

23.7 

.087 

2750 

2700UC 

6 

25.1 

.107 

220 

9 6000 

25.1 

.10? 

1120 

'  < Oil 

7 

26.5 

.126 

60 

hh500 

26.5 

.126 

h$0 

W*5i  » 

8 

27.9 

.3h6 

26 

26000 

27.9 

.11*6 

200  ‘ 

26000 

9 

29.3 

.165 

7.8 

15000 

29.3 

.165 

60 

l5o  0 

10 

30.7 

.185 

3.2 

9200 

30.7 

.185 

39 

p£  00 

11 

32.1 

.20h 

1.8 

6100 

32.1 

.20h 

18 

6100 

12 

33.5 

.223 

.5 

h200 

33.5 

.223 

7.6 

!.  MW 

13 

31.9 

.2h3 

•3h 

2900 

3h»9 

.21*3 

3.0 

25  X) 

111 

36.3 

.262 

.lfc 

2050 

36.3 

.262 

1.3 

r>5o 

15 

37.7 

.282 

.08 

l5ho 

37.7 

.282 

.6 

1  id 

16 

39.1 

.301 

»05h 

1150 

39.1 

.301 

.3 

UM> 

17 

ho. 5 

.320 

.02h 

860 

ho. 5 

.320 

.25 

S'  y 

18 

hi. 9 

.3  ho 

.012 

700 

hi. 9 

.3  hO 

.09 

t'rt 

(01  to  G5#-»**) 

Tiooooo-  * 

(06) 

liooooS 

Gus 

t  Spectrum  A 

Gus 

t  Spectrum  A 

1-raean  "  l/*h  ESI  Smear) 

-  *2hl 

^■moan  “  6 

Sinoau  k  0 

1 

19.5 

.029 

82000 

M 

2.2 

.031 

hiooo 

m 

2 

22.5 

.071 

15000 

900000 

8,0 

.in 

78  50 

I*20>  Vi  UJ 

3 

25.6 

•  llh 

2800 

73000 

13.2 

.163 

980 

0OU>  ‘J 

h 

26.7 

.157 

350 

18500 

18.5 

.257 

11*3 

10000 

5 

31.9 

.201 

h6 

6500 

23.8 

.330 

23 

1900 

6 

35.1 

.2h6 

?.h 

2760 

29.2 

.1*05 

3 

1*80 

7 

38. h 

.292 

1.6 

1320 

3h.0 

•  hb3 

.73 

170 

8 

hi.  5 

-33h 

.35 

750 

ho.h 

.561 

.11 

58 

(07  tc 

>  012) 

£100205 

(013  &  Qlh) 

ii  50000  **» 

*  tosto  also  made  at  5n  (02,  Gh,  &  g5) 
testa  al30  mads  at  n  (Oil) 

? 

tooto  also  made  at  2n  ( G1 1| ) 

«-«»-»•  Tost  Croup  No* 
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TABIB  32 

UNIT  GUST  LOADING  SPECTRA  AND  S-N  DATA  FOR  NCTCHED  .‘TICKET  SFDCTUEKS 

7075 -T6  ALUMINUM  ALK)T 
(Reference  3-6) 


*  82*9  KSI  (Net  Area) 


*max 

Sv 

n 

K 

KSI 

ipootrum  Aj 

^muen  “ 

20  KSI,  - 

.2l|X 

21.9 

.018 

liPOOO 

29.3 

7900 

160000 

28.7 

,IC9 

U90 

16600 

32.6 

.192 

179 

9800 

36.1 

.197 

23 

2900 

1(0.1 

.2l;2 

2.9 

31i90 

U3.9 

.280 

0.9 

820 

h'l.l 

.332 

o.l 

?(0O 

(•  i9 

02 1-*) 

’IDuixT* 

ipt’et.nun  A, 

<“  - 
4  rrui*/l 

2l> 

L,I»  S-  an  " 

.121 

33.0 

.<>36 

2ld((X) 

17.1 

,<S>o 

1(700 

920000 

21.9 

.Util 

1000 

20X0 

27.1 

.296 

9? 

hh  00 

31.7 

.262 

U4 

1690 

36.0 

.323 

1.8 

670 

U2.5 

.39? 

0.3 

280 

1(7.0 

.lJc> 

0,>’7 

160 

(<)?'/  r; 

li?3) 

:>  3Cfdo 

Spectrum  A; 

f  n 

-‘■moan 

0 

KS1;  ‘Wan  " 

0 

3.0 

.ol(6 

2M(00 

9.1 

.110 

1600  2300000 

19.0 

.3.01 

690 

27900 

21,?. 

.296 

98 

U200 

27.2 

.328 

Hi 

1090 

33.7 

.1(06 

1.0 

3?-0 

39.9 

.I16I 

0.33 

130 

W.3 

.999 

o.o'/U 

58 

(G2h  to  C27) 

A.  30000 

ASU  TH  61  -  hJli 
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TABLE  33 


UNIT  GUST  LOADING  SPECTRA  AND  S-H  DATA  FuRDClIBLt,  SHEAR  RIVETED  JOINTS 

202^-T 3  ALCIAD 
(Reference  17) 


Ptu  -  61.1  ESI  (Net  Aroa) 


Loading 

Step 

^max 

Sv 

n 

If 

Smax 

V- 

n 

N 

smean, 

-  .253 

w.-  -W2 

1 

.278 

.025 

281000 

2300000 

.167 

.015 

281000 

tm.  ' 

2 

.327. 

•07U 

65700 

120000 

.196 

.ol*U 

65700 

650000 

3 

.376 

.123 

11500 

51*000 

.226 

.071* . 

11500 

260000 

b 

.1*26 

.173 

Ul*o 

29000' - 

.256 

.101* 

11*1)0 

160000 

5 

.17? 

.222 

1*32 

18000 

.28$ 

.133 

1*32 

100000 

6 

.521* 

.271 

131 

11700  . 

.315 

.163 

131 

72000 

7 

.571* 

.321 

50 

7600 

.31*5 

.193 

50 

53000 

8 

.623 

.370 

36 

51*00 

.222 

16 

jGOOO 

9 

.672 

.Iil9 

10 

3700 

.1*01* 

.252 

10 

29000 

(028*)  I 

36o2bo 

(G29)  £360280 

«  .101 

Smean 

•  .0806 

1 

.111 

.010 

281000 

.089 

.008 

281000 

„ 

C 

.131 

.030 

65700 

- 

.105 

.021* 

65700 

3 

.150 

.01*5 

11500 

1500000 

.120 

.039 

11500 

- 

b 

.170 

.069 

li*i|0 

610000 

.136 

.055 

11*1*0 

3500000 

5 

.150 

.089 

1*32 

390000 

.152 

.071 

1*32 

880000 

6 

.205 

.108 

131 

270000 

.168 

.08/ 

131 

520000 

7 

Onn 

,128 

50 

200000 

.181* 

.103 

50 

30OOQO 

8 

.21*5 

.11*5 

16 

11)5000 

.1 99 

.118 

26 

300000 

9 

.268 

.167 

in 

i?CCOQ 

.215 

.131* 

10 

220000 

(030)  T. 

TKSSiJO 

(G31)  £  36o’2Bo 

*Teat 

Group  No. 

» 
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TABIE  34 


UNIT  OUST  LOADING  SFECHUl  AND  S-H  DATA  FOR  U NOTCHED  SHEET 

707S-T6  ALCIAD 
(Reference  17) 

Fta  -  76.8  KSI 


Loadinc 

®nai 

Sr 

n 

N 

Step 

Smoan  " 

.201 

1 

.221 

.020 

281000 

2 

.260 

.05? 

65700 

•• 

3 

.299 

.C98 

11500 

5000000 

4 

.339 

.138 

1440 

360000 

5 

.378 

.177 

432 

180000 

6 

Jil  7 

.216 

131 

1.05000 

7 

.457 

.256 

50 

66000 

8 

•496 

.295 

16 

44000 

9 

.535 

.334 

19 

31000 

(032*) 

v  3Uo2Xq 

^taoan  " 

■ 

H 

• 

1 

.177 

.916 

281000 

«• 

2 

.203 

.047 

65700 

- 

3 

.2^0 

•079 

U?00 

. 

4 

.271 

.1X0 

1440 

1500000 

S 

.302 

.141 

432 

330000 

6 

.334 

.173 

131 

131000 

7 

.365 

.224 

50 

120000 

8 

.397 

.236 

16 

82000 

9 

*'|28 

.26? 

(033) 

■»rt 

.  6COOO 

Sm^aa  “ 

.145 

i 

,159 

.014 

281000 

«■ 

2 

.167 

.942 

65700 

- 

3 

.216 

.071 

11500 

•m 

4 

.244 

.099 

1440 

- 

5 

.272 

.127 

432 

55c  00 

6 

.301 

.156 

131 

260000 

7 

.329 

.154 

50 

165000 

8 

.357 

.212 

16 

12(X>00 

9 

.335 

.240 

10 

85000 

(034) 

J5o23T> 

*  Te.it  flroup 
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table  35 


uwrr  gust  loading  spectra  and  s-n  data  for  butt  joints 

7075-16  ALCLAD 

(ReffflWlW  1?) 


53.0  KSI  (Gross  Area) 


Loading 

Step 

sa»ax 

Sy 

n 

N 

^aean  “  ,2^° 

1 

.275 

.025 

281000 

2 

.323 

.073 

65700 

380000 

3 

.372 

.122 

11500 

95ooo 

4 

.421 

.171 

1440 

31000 

5 

.470 

.220 

432 

18000 

6 

.518 

.268 

131 

8000 

7 

.567 

.317 

50 

4200 

8 

.616 

.366  . 

16 

2400 

9 

.665 

.415 

10 

1400 

(035*) 

Z 3552B5 

Smoan  • 

.167 

1 

.183 

.016 

281000 

2 

.216 

.049 

65700 

• 

3 

.248 

,081 

11500 

650000 

4 

.281 

.U4 

141iO 

300000 

5 

.313 

.348 

432 

'  150000 

6 

.346 

.179 

131 

75000 

7 

.378 

.211 

50 

42000 

8 

.411 

.244 

16 

23000 

9 

.WO 

.276 

10 

14500 

(036) 

y.  300280 

®mean  ■ 

.125 

1 

.137 

.012 

281000 

m 

2 

.162 

.037 

65700 

- 

3 

.186 

,061 

U500 

- 

4 

.210 

.005 

1440 

1100000 

5 

.235 

.110 

432 

460000 

6 

.259 

.334 

260000 

7 

.204 

.159 

50 

170000 

8 

.306 

.163 

16 

110000 

9 

.332 

.207 

10 

72000 

(037) 

i:wm 

♦Test  Group  No. 
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TABLE  36 


UNIT  OUST  LOADING  SPECTRA  AND  S-N  DATA  FOR  STRIPS 
WITH  CENTRALLY  LOCATED  HOLE 
Cr-yo  STEEL 
(Reference  17 ) 


Ftu  -  150.8  KSI  (Net  A r**) 


Loading 

sftax 

St 

n  • 

N 

Step 

Sooan  " 

.286 

1 

.3Hi 

.028 

281000 

M  - 

2 

.370 

.081* 

65700 

«■ 

3 

.1*26 

.11*0 

11500 

260000 

k 

.1*81 

.195 

114*0 

92000 

5 

.537 

.251 

1*32 

1*3000 

6 

.593 

.307 

131 

22000 

7 

.61*9 

.363 

50 

11000 

8 

.705 

.1*19 

16 

51*00 

9 

.760 

.!*7J* 

10 

2600 

(038#) 

*:3OT3 

Snuan  ■ 

•222 

1 

.21*1* 

.022 

261000 

he 

2 

.268 

•066 

65700 

3 

.330 

.108 

ii5oo 

1* 

.371* 

.152 

11*1*0 

270000 

5 

.1*17 

.195 

1*32 

mono 

6 

•1*60 

.238 

131 

56ooo 

7 

.503 

.281 

50 

32000 

8 

.51*7 

.325 

L6 

16000 

9 

.590 

.368 

10 

11000 

(o 39) 

?:33o2Bo 

Sineaa  * 

.182 

1 

.199 

.017 

281000 

2 

.235 

.053 

65700 

M 

3 

.270 

.088 

11500 

mm 

11 

.306 

.121* 

114*0 

- 

5 

.31*1 

.159 

1*32 

320000 

6 

.377 

.195 

131 

125000 

7 

.1*32 

.230 

50 

61*000 

8 

.14*8 

.266 

16 

37000 

9 

.1*83 

.301 

10 

25000 

(OljO) 

>'I  T6o2fl6 

*  Teat  Group  No 


/  '  .V/ 


*  Tests  also  made  at  1.2a  and  l.Sn.  (G hZ  k  Gitf,  raspe ctiveOy) 

*  Teat  Group  No, 


TABLE  38 . 

UNIT  GUST  LOADING  SfECTRUU  AND  S-N  DATA 
FOR  DOUBLE -ROW  FLUSH -R IVETED  LAP  JOINTS 
202Ii-T3  ALCLAD 
(Reference  18) 

Ultioate  Load  »  8690  lbo,  (Gross  Area) 


Loading  Maximum  S 

Stop  Load-lba*  T 


Lie  an  Load  -  lCliO  lbs. 


Five  Loading  Steps 


1 

27)b 

.31? 

.103 

11*3800 

2*3000 

2 

3333 

.381* 

.172 

18?00 

76000 

3 

3923 

.1*2 

.21*0 

13*) 

31*00 

h 

U51U 

•?2  0 

.308 

18? 

131*00 

$ 

JjlOlt 

.*88 

.376 

(nli?*) 

6000 

*  Tost  Group  No. 
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TABLE  1*0 


UNIT  GUST  LOADING  SPECTRA  AND  S-N  DATA 
FOR  NOTCHED  PLATE  SPECIMENS 
D.T.D.  363A  ALUMINUM  ALLOY 
( British  Zinc -Aluminum  Alloy  Similar  to  Y075-T6) 
(Rc-f  oronco  19} 


-  85  KSI  (Not  Area) 
fc«an  •  ^  KSI 
Sgegu  ■  *165 


Nino  Loading  Steps 


I 

2,62  .030 

7U00 

z 

3.63  .063 

3100 

150000 

3 

6.73  .056 

1500 

1*8000 

U 

5.78  .068 

700 

26000 

5 

6.81*  ,080 

325 

17000 

6 

7.88  .093 

150 

12500 

7 

8.93  .105 

67 

9200 

8 

9.98  .118  . 

31 

6ti00 

9 

11.02  .130 

15 

5200 

(n)*8*)  Z.X3290 

Nino  loading  Steps 
Different  Frequency 

1 

2.62 

,030 

U*00 

- 

2 

3.68 

.01*3 

600 

150000 

•3 

u.73 

.056 

700 

1*8000 

u 

5.78 

.068 

200  ' 

26000 

5 

6.81* 

.080 

180 

17000 

6 

7.88 

.093 

66 

12500 

7 

8.93 

.105 

33 

9200 

a 

9.98 

.118 

21 

60 00 

9 

31,02 

.130 

(Gl*9) 

E5I90 

5200 

Tan  loading  Steps 

1 

2,62 

.030 

810 

_ 

2 

3 .63 

.01*3 

1800 

150000 

3 

U.73 

.056 

1650 

1*0000 

1* 

5.78 

.068 

71*7 

26000 

5 

6.0!, 

.080 

193 

17000 

6 

7.88 

.093 

103 

12500 

7 

8.93 

.105 

60 

9200 

8 

9.98 

.313 

27 

6000 

9 

11.02 

.130 

12 

5200 

20 

31,60 

.337 

8 

1*000 

(050) 

HOT 

*  Test  Group  No, 
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TABLE  Ul 


UNIT  GUST  LOADI.'JQ  SPECTRUM  AND  S-N  DATA 
FOR  WING  STATIONS  180,  2Uij  228*  AND  239  OF  C-l*6  WING 
202li-T  ALUMINUM  AULOl 
(Reference  20  find  23) 

Ultiiunto  Load  Factor  ■*  5*0  #  (Cross  Area) 

S  ■  ,2 

moan 


Loading 

Sy*  Afi 

n 

N 

Step 

*  5 

?rs  160  vrs  2 Hi  yis  228  w«j  239 

Sea  Note  on  Ficurc  9? 


1  .225 

.045 

39312 

6600000 

5000000 

6000000 

1750000 

.37? 

.075 

15W0» 

1170000 

1500300 

1300000 

520000 

.52? 

.105 

3510 

320000 

550000 

1*70000 

21*0000 

14  .67? 

.135 

1067 

132000 

260000 

210000 

130000 

5  .825 

.165 

235 

66000 

150000 

110000 

81000 

6  .97? 

.195 

73 

3  5000 

92000 

62000 

56000 

7  1.12? 

.225 

20 

20500 

65000 

39000 

llOOOO 

8  1.27? 

.255 

5.86 

12500 

libooo 

27000 

.  29000 

9  1.1*25 

.285 

1.1*8 

8600 

35ooo 

18500 

21500 

0  1.575 

.315 

-.69 

6000 

28000 

11x000 

16000 

1  1.72? 

.3li5 

.19 

l*5oo 

23000 

10200 

12500 

2  1.875 

.375 

.12 

3300 

13000 

8000 

lOOOO 

J  2.025 

.1*05 

.06 

2500 

il  500 

6200 

85oo 

Ii  2.175 

.1*35 

.02 

1900 

12000 

J*t  GO 

7000 

5  2.325 

.46  5 

.02 

1520 

ICOOO 

ilOOQ 

6000 

6  2.U75 

.1(95 

.01 

1250 

8800 

3^00 

5200 

(051  to  05I1U+) 

v;  59670“ 

#  Arbitrary 
w-tt  Tost  Group  No. 


TABLE  1,2 

UNIT  UJST  IDADIMJ  SPECmULl  AMD  S-N  DATA  FOR  COMPLETE  C-46  VUU 
2024-T  ALUMINUM  ALIOT 
(Referenco  20) 

Ultimate  Load  Factor  -  5.0  *  (Gross  Area)  Smoaa  .2 


Loading 

Step 

£>g 

v^6 

n 

K 

B 

11 

• 

First 

Crack 

Critical 

Crack 

Pinal 

Failure 

1 

.225 

.01,5 

39312 

3100000 

43 00000 

6600000 

2 

.375 

.075 

15441, 

790000 

1070000 

1650000 

3 

.525 

.105 

3510 

260000 

400000 

590000 

4 

.675 

■  .135 

106? 

-L40000 

200000 

.  280C00 

5 

.82$ 

.165 

235 

72000 

ilOOOO 

152000 

6 

.975 

.195 

73 

41000 

65000 

95000 

7 

1,325 

.775 

20 

24000 

40000 

57000 

8 

1.275 

.255 

5.86 

15-000 

26000 

37000 

9  ' 

1.425 

.265 

1.46 

95oo 

17000 

24000 

10 

1.575 

.315 

.6  9 

6200 

11500 

Id  000 

11 

1.725 

.315 

.19 

4000 

7900 

11000 

12 

1.875 

.375 

.12 

2700 

5400 

8000 

13 

2.025 

.405 

.06 

1600 

3700 

5900 

Hi 

2.175 

.435 

.02 

1200 

2600 

4500 

15 

2.325 

.465 

.495 

05?™) 

.02 

850 

1820 

jUoo 

16 

2.L75 

(055  to 

.01 

2.59670 

580 

1270 

2600 

*  Arbitrary 
Tost  Group  Mo. 
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TABLE  43 


UNIT  OUST  IOADING  SFDCTRA  AND  S-N  DATA  FOR.  p£L  WING 
202i;-T  ALUMINUM  ALLQL 
(Reference  21  &  2U) 

Ultimate  Load  ■  89600  lbs.  (Gross  Area) 
^m&an  “  *200 


loading  • 
•  Step 

a 

B 

u 

N 

N 

Initial 

Failure 

Final. 

Failure 

Gun 

Tank . 

Gun 

Tank 

Bay 

Bay 

Day 

Bay 

Eleven  Loading  Steps  . 

1 

,032k 

275300 

.  . 

M* 

2 

.O54o 

118200 

1585000 

3020003 

2089000 

5888000 

3 

.0756 

64310 

346700 

616600 

660700 

501200 

4 

.0972 

26080 

123000 

211300 

309000 

218800 . 

5 

.1188 

9452 

53090 

93330 

‘  162200 

112200 

6 

.1512 

5lio 

17780 

38020 

75860 

•  53700 

7 

.1944 

U39 

5248 

15140 

33110 . 

23500* 

8 

*2376 

220.7 

1950 

7590 

15650 

10960 

9 

*2808 

51.32 

013 

1x360 

7800  «■ 

5623 

10 

.322x0 

10.69 

355 

2660 

4169 

3020 

11  .4100 

(G58,  G60,  £ 

Cl62  ft  064#**} 

4.343  83 

5550BU ** 

Three  Loading  , 

1120 

Stops 

1120 

1072 

1 

.055 

26500 

1513600 

2691500 

1905500 

4365200 

2 

.075 

5300 

363080 

630000* 

676080 

524810 

3 

.1325 

1060 

32359 

61659 

111x820 

81233 

(059,061, n63  k  g65)^  32860 

■*»*  < 


•Os'1' 


*  These  values  have  boon  oorrocted.  Tho  valuo a  listed 
in  refuronce  21  are  apparently  in  error. 

**  Specified  in  reference  21  as  the  number  of  positive 
load  pooka  in  10®  load  selections* 

***  Test.  Group  Ho. 
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Cumulative  Cycles  -  H  ■ 

Figure  70  Unit  Gust  Loading  Spectra  For  Notched  Sheet  Spe cirr-ens 


Sbeet  Specirarac 


Unnotched  Sheet  Specimen* 


/ 


Loading  Spectra  for  2utt  Joint  Specimens 


Cumulative  Cycles  -  H-^Tn 

Spectra  for  Strip  Specimens  with  Centrally  located  Hole 


Double  Row 


Flush  Rivets 


Canulativo  Cycle; 


Cumulative  Cycles  -  H  ■Xn 

Figure  60-  Unit  Oust  Loading  Spectrum  for  C— 4^6  Ting 


ASD  TK  61  -  1<3U 


Si  Unit  Gust  Loading  Spectra  for  ?5l  Wing 


'Sheet  Specicena 


Figure  63  5- If  Curves  for  Notched  Sheet  Spec  lien  5 


Riveted  Joint  Specimens 


■5  Curves  for  Crmotched  Sheet  Specimens 


Curves  Tor  Butt  Joint  Specimens 


Speciceos  vltb  Centrally  Located  Hole 


Specijcens  with  a  Single  P.cv  of  Flash  Rivsts 


Doable  How  .of  Flush  Rivets 


r  Lap  Joint  Specimens  with  a  Single  Kov  oi  Flush  Rivets 


Average  3— N  Curves  Tor  Complete  C-L6  Wing 


TABLE  1,1, 


UNIT  MANEUVER  LOADING  SPECTRA  AND  S-N  DATA 
FOR  DOUBLE  SHEAR  RIVETED  JOINTS 
2024-T3  ALCLAD 
CRalesaocft  17) 


Ftu  -  61.1  KSI  (Net  Area) 

Loading 

Step 

Smax  ^  n 

S 

Smn  "  ♦oQ33 


1 

.117 

.0169 

.3200 

mm 

2 

.183 

.0499 

1800 

540000 

3 

.2^0 

.0833 

1100 

1700CO 

4 

.317 

.1169 

620 

77000 

5 

.383 

.1499 

350 

42000 

6 

.45o 

.1833 

200 

24000 

7 

.517 

.2169 

120 

14000 

8 

.583 

.2499 

68 

9300 

9 

.650 

.2833 

39 

6000 

(Ml*) 

lW7 

S,nia  ■  .0625 

1 

.088 

.0128 

3200 

2 

.138 

.0378 

ltioo 

9000000 

3 

.188 

.0628 

1100 

■  420000 

4 

.238 

,0878 

620 

190000 

5 

.288 

.1128 

350 

97000 

6 

.338 

.1378 

200 

57000 

7 

.388 

.1628 

120 

35 000 

8 

.438 

.1870 

68 

24000 

9 

.488 

.2128 

3? 

•16000 

(M2) 

17497 

Grain  "  »^50 

1 

.070 

,010 

3200 

2 

.110 

.030 

laoo 

— 

3 

.150 

.050 

1100 

1300000 

4 

.190 

.070 

620 

400000 

.230 

.090 

35b 

200000 

6 

.270 

.110 

200 

120000 

7 

.310 

.130 

120 

760CO 

8 

.350 

.150 

68 

50000 

9 

.390 

.170 

39 

35oco 

(M3) 

zrm 

#  Test  Oroup  No, 


?48 
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.  TABLE  45 

UNIT  MANEUVER  LOADING  SPECTRA  AND  S-N  DATA  EOR  UNNCTCHED  SHEET 

7075-T6  ALCLAD 
(Reference  17) 

*tu  “  76,8  KSI  (Net  Area) 


Loading 

Step 

smax 

V 

n 

N 

^max 

V 

a 

M 

-  .125 

-  .100 

1 

.175 

.025 

32CO 

.i4o 

.020 

3200 

— 

2 

.275 

.075 

1600 

.220 

.060 

16  OQ 

- 

3 

.375 

.125 

1100- 

470000 

-.300 

.100 

1100 

6000000 

4 

.475 

.175 

620 

i4oooo 

.380 

.140 

620 

300000 

3 

.575 

.225 

350 

71000 

.460 

.180 

350 

lljOOOO 

6 

.675 

.275 

200 

hoooo 

.540 

.220 

200 

Goooo 

7 

.775 

.325" 

120 

22000 

.620 

.260 

120 

52000 

8 

.875 

.375 

‘  68 

9000 

.700 

•300 

68 

34ooo 

9 

.975 

.425 

(Mil*)  X 

:7I M 

1300 

.780 

.340 

(MS) 

7LlS 

20000 

smin  "  *OQ33 

soin 

-  .0625 

1 

.117 

.0168 

.036; 

.0128 

3200 

2 

.183 

.0493 

- 

.13a 

.0378 

mm 

3 

.250 

EH'  i 

uoo 

_ 

.138 

.0628 

— 

4 

.31? 

.1168 

620 

660000 

.238 

.0878 

620 

- 

.3B3 

.450 

.1493 

350 

230000 

.238 

.1128 

350 

850000 

6 

.1334 

200 

135000 

.333 

.1378 

200 

340000 

7 

.517 

.2163 

120 

86000 

.338 

.1628 

120 

200000 

8 

.533 

.2498 

68 

58000 

.438 

.1873 

68 

130000 

9 

.650 

.2834  39 

(m6)  zwr 

iilOOO 

.488 

.2128 

(M7) 

17597 

92000 

#Tout  Group  No. 


TABLE  1*6 


UNIT  MANEUVER  LOADING  SPECTRA  AND  S-N  DATA  TOR  BUTT  JOINTS 

707S-T6  AUJLAfl 
(Reference  17) 

Ftu  “  53*0  KSI  (Gross  Area) 


LoadiEG  S 

Stop 


n 


K 


smin  -  .100 


1 

.lit 

.02 

3200 

2 

.22 

.06 

1800 

2700000 

3 

.30 

.10 

11C0 

300000 

it 

.38 

.lit 

620 

71000 

5 

.1*6 

.3 

350 

20000 

6 

.51* 

.22 

200 

8600 

7 

.62 

.26 

120 

1*200 

8 

.70 

.30 

68 

2000 

9 

.78 

.3U 

(U8*) 

zi jM 

900 

SjjQja  “  i 

.0833 

1 

.117 

.0168 

3200 

2 

.183 

.01*98 

1800 

- 

3 

.250 

.0833 

1100 

700000 

1* 

.317 

.1168 

620 

190000 

5 

.383 

.11*98 

350 

62000 

6 

.1*50 

.1333 

200 

21000 

7 

.517 

.2168 

120 

10000 

8 

.583 

.21*98 

6(1 

5500 

9 

.650 

.2833 

39 

3100 

(M9) 

ETC# 

s&in  “  • 

.0625 

1 

.088 

.0127 

3200 

2 

.138 

.0377 

1800 

— 

3 

.188 

.0627 

1100 

— 

it 

.238 

.0877 

620 

750000 

5 

.288 

.1127 

350 

270000 

6 

.338 

.1377 

2C0 

120000 

7 

.388 

.1627 

120 

50000 

8 

.1*38 

.1677 

68 

23000 

9 

.1*88 

.2127 

39 

12500 

(.WO) 

Z.1E7 

*  Teat  Group  Nou 
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a HIT  MANEUVER  LOADING  SPECTRA  AND  S-N  DATA 
FOR  STRIPS  WITH  CENTRALLY  LOCATED  HOLS 
Cr-Mo  STEEL 
(Reference  12). 


Ftu  -  150.8  XSI  (Net  Area) 


Loading 

Sr 

xx 

N 

Step 

smsx-  -m  ; 

1 

.156 

.0225 

3200 

2 

.2W* 

.066? 

1600 

- 

3 

.333 

.mo 

noo 

«• 

4 

.1*22 

.1555 

620 

220000 

5 

.511 

.2000 

350 

84000 

8 

,6oo 

.21*1*5 

200 

4oooo 

7 

.689 

.2890  . 

220 

21000 

8 

.778 

.3335 

68 

10000 

9 

.  • .667 

.3780 

39 

3800 

(mii*) 

2IW/ 

SnH  n  “  .100 

1 

.11*0 

.020 

3200 

2 

.220 

.060 

1800 

•» 

3 

.300 

.100 

1100 

- 

4 

.380 

.11*0 

620 

400000 

5 

.1*60 

.100 

350 

130000 

6 

.51*0 

.220 

200 

59000 

7 

.620 

.260 

120 

32000 

8 

.700 

.300 

68 

17500 

9 

.780 

•3 1*0 
(Ml?) 

r_7ii$7 

9000 

Sndn  "  -0033 

1 

.117 

.0168 

32CO 

2 

,183 

.01*98 

1800 

MM 

3 

.250 

•0034 

1100 

MS 

4 

.317 

.1168 

620  . 

- 

5 

.303 

.1490 

350 

280000 

6 

.1*50 

.1834 

200 

120000 

7 

.517 

.2163 

120 

63000 

8 

.583 

.2498 

68 

38000 

9 

.650 

.2034 

(M13) 

39 

>:W7 

23000 

*  Tost  Group  No. 
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Maneurar  Loading  Spectra  fear  Double  Shear  Riveted  Joint  Speclnene 


Cumulative  Cycles  —  K'«  ^_n 

Figure  96  Unit  Maneuver  Lotting  Spectra  fear  Unnotched  Sheet  Specimens 


i  7075-T6  AlcUd  Al 


ipecimen.  Figure  65 


Figure  103  S-H  Curve*  for  Butt  Joist  gpeciaans. 
Constant  Minixuw  Stress.  (For  Maneuver  Type  Loading) 


Cvrvsi;  far  Strip  Speelatss  vitfc  Centrally  Located  Sole. 
Constant  hiniata  Stress.  (For  Kanauver  Type  Loading) 
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(d)  first  crack  initiated  in  complete  wing 

(e)  Initiation  of  critical  crack  that  propagated  to  failure 
when  loading  continued 

(f  5  final  failure  of  complete  wing 


APPENDIX  D 


ORIOIKAL  TEST  RESULTS 

This  ajpendi#  presents  a  description  of  the  test  equipment,  descriptions  of 
the  test  specimens,  and  tabulation  and  nraphical  result.,  Qf  the  experimental 
work  coMplete1'-  in  this  program.  Also  included  is  the  statistical  analysis  of  ‘ 
the  constant  .amplitude  coupon  S-N  data.  Those  data  are  presented  In  three  paid 

Part  1.  Constant  amplitude  axial  load  S-N  data  from  sirple  coupons. 

I 

Statistical  analysis  of  constant  amplitude  S-N  data.  ‘ 
Experimental  S-N  data. 

i 

Construction  of  S-N  Curves  by  interpolation.  _ 

i 

Part,  2.  ^pectiTil  Axial  load  data  from  simple  coupons. 

Description  of  equipment  and  procedures  for  obtainlr^ 
experimental  data  on  coupon  specimens. 

Unit  Loading  Spectra 

Experimental  Lives 

Test  Histories  .  .  . 

Part  3,  tifjue  Test  Results  of  a  Complex  Specimen 
Specimen  Description 
Test  Set-up 
Test  Results 
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APPENDIX  D 


PART  1  -  CONSTANT  AMPLITUDE  AXTAL  IQAD  S-W  DATA  ? SIMPLE  COUPONS 


Statistical  Analysis  of  Constant  Amplitude  S-y  lata 

The  multiple  variables  and  the  limited  number  cf  indi vidua  1  ^osfc  specimens 
por  test  condition  (five  coupons  each)  led  tr.  tie  use  of  special  statistical, 
methods  for  small  samples.  The  method  of  IIsa-t  regression  was  chosen  to 
analyze  the  results  cf  the  constant  amplitude;  3-1*  test  data.  This  method 
has  been  suggested  by  Woibull  in  reference  j‘,i,  as  well  as  by  other  in¬ 
vestigators,  It  considers  the  frequency  distcl>i^irn  of  log  (S*  -  Sg)  when 
log  N  is  hold  constant.  While  Figure  105  shews  that  this  method  can  load 
to  an  approximately  normal  distribution*  the  small  sample  size  for  each 
combination  of  stress  concentration  factor  ami  o>ea»  stress  fmoan  i*'» 

Table  50  does  not  always  mako  it  possible  to  Arrive  at  .statistically 
significant  conclusions  with  a  high  degree  of  mccXidence. 

TABLE  SO 


TEST  CONFIGURATIONS  POR  S-«  11 T A 


*1 

fmean*  ^oas  *****  331 

-10 

-5 

0 

r 

10 

15 

BH 

X 

X 

X 

X 

X 

X 

X 

I 

X 

X 

X 

X 

X 

X 

10 

X 

X 

X 

X 

Tho  eighteen  tost  configurations  listed  coo'prm.s-  the  h$0  specimens  in 
Table  $2.  Twenty-five  specimens  wore  tested,  for  each  combination  of 
Kx  and  fmeam  with  five  of  those  specimens  bei.-ag  tested  at  each  of 
five  convenient  varying  stress  levol3f  which  eld  :*3t  exceed  25  KSI. 

Some  additional  tost  configurations  are  giver,  to*  Telle  53  which  wore 
not  statistically  analysed. 

In  Weibull's  uso  of  tho  method  of  linear  rejr^isicr.  with  small  sample 
sizo,  tho  (n  -  5  x  5)  or  twonty-fivo  epecim ens  are  pooled  and  the  follow¬ 
ing  S-N  function  is  assumed  (reference  33)- 
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This  form  corresponds  to  Equation  (A6)  of  Appendix  A  when 
P  -  OC  u 

«*  '  u-i 

/3 

tha  endurance  limit  Sg  is  itaolf  a  statistical  variate,  and  Equation  (Dl) 
onsfc  be  solved  for  known  or  estimated  values  of  For  a  given  value  of 
Se,  Equation  (Dl)  can  be  written  in  ti,-  form 

log  (S^-Sg)  a  log  p  ♦  u  log  N  (D2) 

Designating  y  ■  log  (Sy-Sg)  as  the  depordont  and  x  ■  log  N  as  the 
independent  variable,  the  mothod  of  linoar  regression  may  bo  applied 

with 

y  -  yQ  +  u  X  (D3) 

and  tho  coef f icients  u  and  y q  of  the  straight  regression  lino  are 
determined  by 


2  (*!  -  x)  (yt  -  y) 
-x)* 


yQ  ■  lo8  p  -  y  -  u  x 


where 


_ 

X  - - - 

Q 


-  S^i 

y  -  — 4 

n 


Tho  mothod  is  strictly  correct  only  if  the  population  variances  of  y  are 
homogeneous  j  that  means,  the  standard  deviation  in  y  is  independent  of  x. 
The  deviations  from  tho  regression  lino  should  bo  normally  distributed. 
An  unbiased  estimate  of  tho  variance  from  regression  of  the  population 

in  -  oo  }  is  given  by 


^var  ^ 


i  i>i  -  +  u  *±>  y 


n  -  2 
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For  any  given  value  x  *  ,  confidence  limits  for  the  computed  value 
y#"yo  +  u3C#  are  easily  set  according  to  Cramer  (reference  3l$ . 

Upper  confidence  limit 
yu  -  (y0  +  ux*)  +(t*/2;l/) 

Lov/ur  confidence  limit 


\w\  h .  ulzsE-A 

x  Mn  V(xt-x}aJ 


(Dfl) 


*1  -  (yQ  ♦  u  x  »)  -(t<y2;V) 


(D9) 


Values  of  corresponding  to  the  required  confidence  coefficient 

(3.  -  ot  )  and  the  given  dogroo  of  freedom  V  «  n  -  2  can  be  found  in 
rofcrenoe^Uj  for  insti.neo,  the  values  are  given  in  Table  5l  for  n  «  25  toot 
specimens, 

TABLE  $1 

St.udont'a  t  -  value  for  V  ■  23  Dogroe  of  Freedom 


Confidoroo  (  #  ) 

11 
o  1 

_ ! 

liO 

60 

.1°  J 

?°_ 

95 

90 

99 

99.9 

t  -  value 

.256 

.£32 

.858 

1.319 

l.'/Ui 

2.06? 

2.500 

2.607 

3.767  | 

Plaualblo  values  must  bo  assumed  for  tho  onduranco  limit  before  this 
statistical  procedure  can  bo  applied  to  £!-»'!  data,  Tbo  actual  value  se¬ 
lected  for  the  endurance  limit,  S^,  as  pointed  out  in  reference  33 >  will 
havo  only  a  small  effect  on  the  analytical  matching  of  !3-N  data  xn  the 
mid-stresa  rango.  A  more  accurate  linear  interpretation  of  3-M  data,  over 
tho  entire  stress  rango  may  sometimes  be  providod  by  a  statistical  fit  of 
Equation  (DIO) to  S-N  data. 


N  -  «£- 


S5 


(DIO) 


The  improvement  in  matching  S-U  data  in  th«  high  and  lu>r  stress  rangos 
occurs  ivhon  S-N  data  follow  the  linear  trend  that  is  indicated  in  Figure 
k7  *  When  plotted  in  tho  form  of  log  (Sy  -  S^)  versus  log  N,  the  straight 
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line  variation  in  Figure  h7  degenerates  into  a  curve  as  shown  in  Figure 
57>  where  two  portions  of  the  rosultir.g  curve  are  approximated  by 
straight  lines.  This  curvilinear  variation  with  lag  (S*  -  Sg)  led  to 
the  use  of  lino?.r  regression  based  on  Equation  (010).  Statistical  para¬ 
meters  for  this  equation  constitute  a  special  caoe  for  liquation  (Dl), 
being  the  some  as  that  securod  by  setting  Sg  equal  to  aero  in  Equation 
(Dl)  and  in  the  subsequent  statistical  development* 

The  use  of  linear  regression  with  Equation  (DIO)  lead  to  mora  likely 
conditions  for  a  straight  line  fit  to  the  entire  stress  range  of  S-W 
data.  It  led  to  the  3-N  curves  in  ?iguro3  206  to  123  that  were  faired 
within  tha  +  90  per  cent  confidence  limits.  This  fairing  wra3  made  to 
roduce  as  much  as  possible  the  merging  and  intersections  in  cross  plots 
of  the  data.  The  faired  S-N  curves  intorsoctod  in  only  one  case  at  the 
upper  end  (fy  ■  29  ksi)  and  wore  tangent  in  one  place  near  the  endurance! 
limit.  Agreement  was  generally  good  with  the  tost  data  although  too 
resulting  S-N  curves  did  not  flatten  out  in  the  vicinity  of  the  assumed 
endurance  limit  at  N  ■  10?  cycles* 
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Figure  106  .ixparicect*! 


7075 -T 6  Aluminum"  Alloy 


Expo r inental  S-N  Curve  for  Notched  Sheet  Coupons 


7075-^6  Aluminum  Alloy 


Eaqjerinjental  S-N  Curve  Tor  Notched  Sheet  Coupons 


Experimental  S-N  Curve  ior  Notched  Sheet  Coupons 


Experimental  S-N  Curve  for  Notched  Sheet  Coupon* 


Sbcperl&ft&tal  5-3  Curve  for  Voteoac  Sheet  Coupon* 


3 


Experimental  S-3  Curve  for  Botched  Sheet  Coupons 


Notched  Sheet  Coupons 


Curve  Tor  Notched  Sheet  Coupons 


&pcriaent*l  S-Jf  Curve  for  Notch  id  Sheet  Coupons 


Sxparl&eatej.  S-«  Cu rv«  for  Hatched  Sheet  Coupons 


i.'aental  S-$  Curve  for  Notched  Sheet  Coupons 


Experimental  S-N  Curve  for  Notched  Sheet  Coupons 


'igure  120  Experiments!  S-N  Curve  Tor  Kotchec  Sheet  Coupons 


Experimental  S-K  Curve  for  Notched  Sheet  Coupons 


At- 


Experimental  S-N  Curve  for  Notched  Sheet  Coupon* 


Curve  for  Notched  Sheet  Coupons 


CONSTRUCTION  OF  S-N  CURVES  BY  INTERPOLATION 


The  complete  fatigue  loading  Motor/  for  an  airframe  structure  contains  several 
type o  of  varying  load  spectra,  each  muting  at  different  moan  load  levels.  One 
spectrum  in  particular,  the  high-performance  fighter-trainer  maneuver  load 
history,  is  characterized  by  an  essentially  constant  minimum  load  with  the 
varying  load  excursions  to  a  maximum  magnitude  and  returning  to  the  original 
■ini mum.  For  fighter-maneuver  spectra,  the  normally  defined  mean  load  thus 
varies  with  each  cycle.  Interpolation  procedures  are  required  to  provide  the 
S-N  curves  for  each  of  these  two  basic  types  of  loading, 

A*  S-N  curves  of  all-wabla  syranetrical  varying  stresses  about  a  constant 
•  mean  stress  of  any  specified  value  aro  most  readily  obtained  from 
interpolation  of  S-N  data  plotted  on  a  Christensen  diagram  along  lines 
of  tho  specified  constant  mean  strea3.  Figure  12U  illustrates  this 
operation.  The  S-N  curves  in  Figure  126  woro  obtained  in  this  manner 
from  Figure  12li,  and  those  in  Figure  127  were  obtained  in  a  similar 
manner  from  Figure  12J, 

3«  3-N  curves  of  allowable  unsymoetrical  varying  stresses  above  a  constant 

minimum  stress  of  any  specified  value  are  readily  obtained  by  inter¬ 
polation  of  S-N  data  plotted  on  a  Chriatonsen  diagram  along  lines  of 
tho  specified  constant  minimum  stress,  Figuro  12U  illustrates  how 
this  procedure  results  in  a  15°  lino  originating  at  tho  constant 
minimum  stress  in  the  roctiline&r  plot  that  leads  to  the  S-N  curve 
plottod  in  Figure  128.  This  latter  figure  also  contains  an  S-N 
curve  that  was  derived  in  tho  sano  manner  frem  Figure  125. 

x 

C.  S-N  curves  of  allowable  stressos  with  any  ratio  of  R  •  y - may  be 

rmax 

obtained  by  interpolation  along  a  radial  line  of  slope  ^  on  the 
?min  ”  Fmax  sca^°* 
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APPENDIX  D 


PART  2  -  SPECTRAL  AXIAL  LOAD  DATA  FROM  SIMPLE  COUPONS 

DESCRIPTION  OF  EQUIPMENT  AND  PROCEDURES  FOR 
omTjflM  j-'.ypERiwrN^TSm  on  coupoH  gggTggws 

This  appendix  describes  tba  procedures  and  equipment  employed  in  accomplishing- 
the  experimental  and  data  processing  phases  cf  this  investigation.  An  analysis 
is  also  presented  of  the  degree  of  accuracy  of  the  specimen  loading  histories 
as  a  reflection  of  the  commend  signal  emanating  from  the  programming  tape*  In 
addition,  discussion  is  presented  relative  to  significant  problems  encountered 
in  development  of  methods  and  equipment, 

CONSTRUCTION  OF  LOADING  TAPES 


Fandom  Oust  Loading  Tapes 

A  one-inch  multi-channel  magnetic-  tape  recording  of  a  complete  flight  of  an 
lnatrujoented  0-1*7  airplane  was  obtained  from  the  Boeing  Airplane  Company,  A 
photograph  of  the  equipment  which  was  used  for  converting  the  flight  data  to 
test  input  tapes  is  shown  as  Figure  130,  A  full  length  oscillograph  of  this 
instrumentation  tape  was  visually  scanned  in  order  to  identify  sirnals  of  high 
cyclic  activity.  The  signals  representing  the  bending  moments  occurring  at  tho 
wing  root  during  a  96-minute  low  altitude  pass  (600  feet  at  280  knots)  was 
selected  for  adaptation  to  specimen  loading  signals  for  this  investigation. 

The  selected  flight  record  was  transcribed  or.  dual-channel  l/I*-inch  magnetic 
tape,  as  shown  schematically  on  Figure  131.  The  flight  record  was  passed 
through  an  electronic  scanning  systom  which  continuously  determined  and  sub¬ 
tracted  out  variations  of  mean  load  from  the  initial  mean  value.  The  mean 
variations  were  raronled  on  Channel  No,  2  and  the  resulting  dynamic  signal 
was  recorded  on  Channel  No,  1.  In  order  to  obtain  tho  shortest  testing  time 
possible  within  tho  frequency  limitations  of  the  testing  equipment,  the 
96-minute  flight  histories  wore  compressed  to  about  6  minutes  for  the  wing  root 
trace.  Ten  copies  of  the  transcribed  wing  root  trace  wore  recorded  and  spliced 
together  into  one-hour  continuous  programming  tape. 

In  an  effort  to  obtain  a  random  trace  with  a  markedly  different  spectrum  shape* 
the  dynamic  signal  (Channel  No.  1)  of  tho  wing  root  programming  tape  was  re¬ 
recorded  through  a  non-linear  ampH  flr*ation  system.  To  illustrate  tint  chunge 
in  shape  produced,  spectral  representations  baspd  on  aero  c loosing  peak  counts 
of  tho  wing  root,  modified  wing  root  unit  programming  tapes  ore  shown  on 
Figure  132, 


Figure  129  Close-up  of  Specimen  Installation 


Figure  130  Gonorul  View  of  Tape  Construction  and  Data. 
Roduotion  Equipment 
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FIGURE  132  MEAN  CROSSING  PEAK  COUNT-WING  ROOT  AND  MODIFIED  WING  ROOT  TRACES 


Th»  ^rsfcem  oaed  ter  electrically  alter  the  spectrum  ahape  of  a  random  trace  is 
shown  schematically  on  Figure  133  A  desired  input-output  voltage  pattern 
was  drawn  on  the  oscilloscope  display  screen  and  the  non-Hnear  amplification 
system  was  calibrated  to  match  this  relationship.  Spectrum  modification  was 
accomplished  by  rerecordLng  the  tape  through  this  calibrated  setup. 

FATIGUF.  TESTING  PROGRAM 

Tha  limited  flight  loading  histories  recorded  by  the  96-mlnute  wing  trace  was 
Insufficient  to  provide  the  desired  characteristics  of  a  representative  extends 
random  service  loading  history.  To  obtain  the  desired  loading  history,  the 
random  wing  root  programming  signal *aa  modified.  The  maximum  positive  and  nega 
tive  loads  were  made  symmetrical  and  larger  loads  were  inserted  so  as  to  repros 
a  longar  service  loading  spectrum. 

Repetitions  of  10  basLc  sections  of  the  random  signal  (identified  as  Ai,  Aj, 

32  .....  Ex*  E2)  wore  spliced  together  to  make  four  programming  tapes,  each 
approximately  one  hour  long.  The  Ai  section  was  obtained  by  rerecording  the 
the  basic  wing  root  signal  through  a  non-linear  amplifier  such  that  the  maximum 
negative  excursion  was  limited  to  match  the  maximum  positive  excursion.  This 
operation  is  similar  to  that  used  in  making  the  unLt  nodiflod  wing  trace  and 
was  shown  schematically  on  Figure  133.  The  Bi  section  was  obtained  by  rorecord- 
ing  tha  Ai  section  through  the  non-linear  amplifier  such  that  the  maximum 
positive  and  negative  excursions  are  increased  about  1£#,  the  next  smaller 
excursions  are  amplified  only  slightly  and  the  smallest  excursions  experience 
negligible  change.  The  Cl,  Di  and  El  sections  are  obtained  in  tho  same  manner 
with  the  maximum  positive  and  negative  oxcursions  increased  by  approximately 
2($,  30, t,  and  UO%  respectively,  ovor  tho  maximum  A^  excursions.  The  Ag  through 
Eo  sections  were  obtained  by  rerecording  the  Aj  through  sections  through  a 
75%  linear  amplification  system.  These  10  basic  sections  are  summarized  bolow. 


I 
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133  Schematic  of  Systea  for  Altering  Spectrua  Shapes 


Unit  wing  root  signal  modified  so  that  naximam  positive 
and  negative  excurrd  ons  ore  approximately  equal. 

Section  x  75%  (linear  amplifications) 

Sooticn  Aj  modified  so  that  maximum  positive  and  negative 
excursions  amplified  approximately  l$i<. 

Section  x  75%  (linear  amplification) 

Section  A i  modified  so  that  maximum  positive  and  negative 
excursions  amplified  approximately  20Jt 

Suction  Ci  x  75%  (linear  amplification) 

Section  Ai  modified  so  that  maximum  positive  and  nogrf.iv» 
excursions  amplified  approximately  30£ 

Section  Di  x  75%  (linear  amplification) 

Sootion  Ai  modified  so  that  maximum  positive  and  negative 
excursions  amplified  approximately  liOjt 

Section  Ei  x  75%  (llnoar  amplification) 


Four  prograimiing  tapo3  (identified  as  Tape  Nos,  h9t  3*0 >  51  and  52)  v <sr\ 
then  constructed  by  splicing  the  10  basic  3octicns  together  in.  the 
following  sequence. 


These  four  tape 3  were  utilized  for  testing  spepinons  in  the  following 
lit -hour  sequenca  to  obtain  the  do3ired  extended  randcm  gust  loading 
spectrum. 


Test 

Sequence 

1 

2 

3 

!i 

5 

6 

7 

8 
9 

10 

11 

12 

13 

It 


|  Ktu^hia  Kill  tars  l±  •  ->uvor  Tap* 

fc  0>uea  of  the  uti.k ailability  of  am  approrirlate  -eroroin*:  of  repreaonta- 
tlvw  military  maneuver  loadJr;:,',  a  tar  i  cor.jtru.rt*  t*>  be  consistent 
with  tliu  loadinf.  apantnun  for  fifthta*  .  .raft  which  1  t  daacribod  in 
L.jeoifioatl  n  K1L-A-WI66. 

Ti«j  unit  wing  root  programming  trace  wus  pb*ye-l  throu/Ji  tV  nna-linoar 
iSii|)H.f lcitiv. a  a/ct*  hi  so  that  tha  i»v-gntlvte  •  ««>  x o  sappi'esuod 

and  the  positive  (incursions  were  modulntwd  to  mntob  the  spectrtH 
dusuribed  above.  This  operation  was  similar  to  that  described  in  making 
the  modified  wing  root  trace  which  was  shewn  ichematically  in  V'iguro  132 

Step  Ordered  Oust  Loading  Tapes 

Cyclic  step-ordered  loading  tapes  were  constructed  to  a  inula  to  the 
average  teat  life  of  a  giwn  group  of  randan  loading  hist  ories.  Throe 
combinations  of  atres,  interval  and  block  size  wore  usodt 

!1)  1,000  pal  stress  interval  and  l/lO  block  size 

2)  1,000  pel  stress  Intenml  and  1/20  block  size 

(3)  lx.000  psi  stroos  interval  raid  1/20  block  also 

The  ay  atom  uoed  to  construct  the  at ep -ordered  leading  tepee  is  shown 
achcmaticaJly  on  Figure  13i*. 


Loading 
Tape  Ho. 
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52 

52 

30 
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52 

52 

52 

U9 
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Tho  procedure  used  in  constructing  an  ordered  loading  tape  is  shown  in 
th&  following  cxanplM 


For  a  given  average  random  tea',  history,  construct  on  ordered 
programming  tape  of  1*000  pai  stress  interval  size,  and  1/10 
block  size* 

Cl)  Graph  the  random  test  history  spectrum. 

(2)  Observe  end  record  in  columnar  form  the  cumulative 

frequency  count  at  the  half  range  intervals  ($00  pai, 
1£X)  pslf  2 $X)  psi*  etc.)  on  the  random  spectrum. 


O)  Determine  the  total  number  of  cycles  to  bo  applied  at  oach 
stress  level  (1000  poi,  2000  psi,  3000  pni,  nt.fi.)  by 
calculating  difforcncos  between  tho  cumulative  counts 

observed  in  step  (2). 

(U)  Divide  tho  total  number  of  cycles  for  oach  stros3  level 

calculated  in  step  (3)  by  ten.  This  determines  tho  number 
of  cycles  to  be  applied  in  each  unit  spectrum  at  each 
stress  level.  Distribute  each  fractional  cycle  i  the 
corresponding  half  life. 
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(5)  Construct  a  teat  programming  schedule  for  the  "stress 
level-cycle"  combinations  from  step  (4). 


n 

Unit  Spectrum  Number 

(1) 

(2) 

(3) 

_ 

(4) 

(5) 

(6) 

1 

(9) 

(10) 

500 

100 

■ 

■ 

■ 

■ 

■ 

■ 

U 

i 

■ 

1,000 

■ 

90 

9 

9 

9 

9 

9 

9 

9 

9 

9 

9 

1,500 

10 

— 

2,000 

5 

l 

l 

1 

l 

1 

2,500 

5 

3,000 

k 

l 

. 

1 

l 

1 

3,500 

1 

1 

'  - 

l 

1  _ 

l  □ 

(6)  vnqQ nying  an  *V>«clllfltor-preset  counter-recorder"  combination, 
(chovu  schematically  in  Figure  134)  record  the  ordered 
loading  tape  as  described  in  the  programming  schedule 
constructed  in  step  (5). 


Obit  Spectrum  No.  1 

Unit  Spectrum  Bo.  2 


— vVWWVW1— 


Unit  Spectrum  Bo.  3 
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Step  Ordered  Military  Maneuver  Loadings 

Step  ordered  loading  tapes  wore  constructed  representing  the  awtagi 
random  military  maneuver  taat  histories,  These  ordered  loading  tapes 
wore  constructed  utilising  the  same  procedure  used  in  making  the  step 
ordered  gust  loading  tapes  exc«pt  that  the  negative  excursions  vers 
suppressed  by  passing  the  generated  signal  through  «  diode, 

Step  Ordored  Composite  Loading  Tapes 

Step  ordered  programing  tapes  were  constructed  representing  rar.de* 
composite  test  histories.  These  ordered  tapes  were  constructed  for 
both  gust  and  military  maneuver  typo  air  loadingo  employing  the 
procedure  described  in  the  example  above.  Air  loadings,  ground 
loadings,  and  ground-to-air  transitions  wore  treated  as  three  separate 
random  spoctra  and  separate  programing  schedules  were  made  for  each.  ■ 
spectrum.  The  complete  ordored  composite  tape  was  mado  as  follows t 

(1)  The  first  unit  spootrum  of  air  loadings  was  recorded,  ea 
tabulated  on  its  programing  3chodule,  about  tha  mean  load  for 
which  the  corresponding  random  air  loadings  were  applied, 

(2)  The  first  unit  spectrum  of  ground  loadings  was  also  recorded, 
as  shown  on  its  programming  schedule,  at  the  mean  load  at 
which  the  corresponding  random  ground  landings  woro  applied, 

(3)  The  first  unit  spectrum  of  ground-to-air  cycles  was  recorded 
such  that  the  paak-to-ponk  excursion  extended  from  tha  air 
loading  maan  to  tho  ground  loading  moan. 


\ 


Air  Leading 


IT  | 


— f_  (Ground  Leading) 


, - fB  (Air  Loading) _ 


/ 


Ground  Loading  Ground  to  Air  Cycle 


The  procedure  described  above  was  imed  to  generate  the  first  unit 
conposito  loading  spectrum,  Tim  succeeding  spectrum  units  were 
constructed  in  tho  same  manner. 
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The  standard  equipment  items  used  in  this  tape  construction'  work  are 
indicated  on  the  schematics  on  Figures  133  and  13li.  The  portable  tape 
unit  is  a  tvro-cbannel  f requency-mofluLi bad  l/iv-inah  record  arid  playback 
unit*  The  tape  dock  is  a  series  30  recorder  manufactured  by  American 
Electronics,  Inc.,  and  the  electronics  wore  designed  and  developed  by 
Lockheed*  Characteristic  of  this  unit  ares 

Carrier  frequency  -  3»UQ0  ops 
Tape  spood  -  7  1/2  Inches  per  second 
Minimum  signal  to  noise  ratio  -  1*0  db 
Maximum  record  voltage  -  9.0  volts 
Playback  filtering  -  60  or  500  cp a 
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SPECIMEN  tJOMnm 


The  specimen  lending  tyitea  which  vna  developed  for  this  investigation  was 
basically  simple  In  meet  m leal  detail,  utilizing  for  the  most  part  standard 
commercial  equipment  for  signal  Input,  hydraulic  load  control  and  loading 
readout.  However,  to  appreciate  the  demands  upon  the  system  it  must  be 
realized  that  In  this  Investigation  the  primary  testing  requirement  Involved 
application  of  specimen  loadings  vhlch  faithfully  followed  comaadd  signals 
of  a  very  complex  nature.  The  controlled  application  of  such  loadings  dic¬ 
tated  the  selection  and  development  of  servo  control  circuitry  and  the 
development  of  special  test  monitoring  techniques.  A  description  of  the 
loading  system  Is  presented  below  followed  by  a  brief  dlecuoalon  of  several 
problems  encountered  during  testing. 

DESCRIPTION  OP  SPECIMEN  LOAD  ISO  EQUIPMENT 

Fatigue  loading  equipment  was  developed  for  the  rapid  application  of  the 
loadings  defined  by  signals  on  the  magnetic  tapes  described  In  preceding 
paragraphs.  This  equipment  basically  provides  an  elootro -hydraulic  cervo 
system  consisting  of  a  test  specimen  in  aeries  with  a  servo  valve-jack  com¬ 
bination,  with  the  loadings  programmed  by  the  signal  from  magnetic  tape,  This 
system  IS  shown  schematically  on  Figure  135* 

As  shown  on  this  figure,  the  output  signal  from  the  programmer  Is  fed  into 
tha  servo  loop  through  the  summing  Junction.  The  amplified  Input  signal  pro¬ 
grams  the  action  of  the  servo  valve  In  metering  cyclic  flow  of  oil  to  the 
fore  and  aft  parts  of  the  servo  Jack.  The  output  signal  of  the  load  trans¬ 
ducer  strain  gage  2s  amplified  and  fed  back  into  the  uusuning  Junction  closing 
the  loop.  The  instantaneous  summing  of  these  two  opposing  signals  at  the 
input  side  of  the  servo  wive  ideally  results  In  the  speolmen  experiencing 
the  loading  history  represented  by  the  signal  on  the  loodihg  tape.  In  util¬ 
izing  such  a  system  due  cognizance  was  given  to  Inherent  mechanical  and 
electrical  limitations  of  the  entire  system,  especially  with  respect  to  fre¬ 
quency  response  and  flow  characteristics  of  the  servo  valve. 

The  lA  inch  programming  tape  unit  used  for  apcetral  loading  input  Is  the  same 
brsla  unit  as  the  l/4  Inch  portable  tape  unit  which  was  used  for  preparation 
of  tho  program  tapes  except  that  it  floee  not  have  recording  capabilities.  The 
servo  loop  command  and  feed-bock  electronics  vers  basically  Model  K2-W  opera¬ 
tional  amplifiers  In  series  with  Model  K2-P  chopper  stabilizing  amplifiers, 
manufactured  by  George  A.  Fhilbrick  Researches,  Inc.  A  diode  clipper  was 
mounted  in  ths  electrical  circuit  between  the  tape  unit  and  the  summing  Junc¬ 
tion  vhlch  limited  the  amplitude  of  the  programming  signal  supplied  to  the 
Humming  Junction  In  case  of  signal  overload.  This  diode  clipper  was  also 
basically  a  Model  K2-V  operational  amplifier. 

The  aervo  Jack  was  a  lockbeed  designed  hydraulic  actuator  with  a  maximum 
static  force  rating  of  17,OCO  pounds.  The  servo  valve  employed  to  program  the 
action  of  the  hydraulic  actuator  was  a  Model  26  Flow  Control  Valve,  manufac¬ 
tured  by  Hydraulic  Research  and  Manufacturing  Company.  This  cervo  valve  has  a 
flov  control  range  from  0.15  to  10  gpm  for  an  operating  pressure  range  of 
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150  to  kf000  pal.  The  transducer  used  the  sensing  unit  in  the  eyatam  vac 
a  Lockheed  designed  strain  gaged  load  cell.  This  transducer  Is  cylindrical 
in  constructional  detail  and  is  equipped  with  a  full  bridge  guge  installa¬ 
tion,  the  olectrical  output  being  essentially  insensitive  to  beading  strain* 
Four  complete  loading  systems  wore  developed  for  this  testing  program  and 
•re  shown  In  operation  on  Figure  136*  The  tape  playback  unit,  the  electron¬ 
ics  and  associated  components  for  programming  two  separate  servo  loops  were 
mounted  in  a  solf-contait.ed  unit  as  shown  on  Figure  137*  A  photograph  of  a 
valve -Jack  combination,  load  transducer  and  specimen,  all  rigidly  mounted  in 
one  of  the  loading  fixtures,  is  shown  on  Figure  1?9,  The  specimen  was 
mounted  In  the  test  fixture  by  rigid  friction  grips,  and  floating  stiffeners 
were  need  on  the  unsupported  edges  of  the  specimen  to  prevent  buckling  as 
shown  in  Figure  129*  A  failure  wire  was  cemented  to  the  specimen  in  the  area 
of  maximum  stress  concentration  and  connected  to  a  rainy.  Upon  initiation  of 
•  fatigue  crack  the  failure  wire  circuit  was  interrupted,  instantaneously 
blocking  off  hydraulic  flow  to  the  aetuator. 

PROCEDURE  FOR  SPECTRAL  LOADING  OF  SPECIMENS 

Prior  to  the  application  of  load*  tc  each  specimen,  the  loading  system  was 
calibrated  and  adjusted  to  produce  the  applicable  loadlug  history  represented 
on  programming  tape.  Althe,  igh  several  steps  In  the  calibration  end  dynamic 
loading  procedure  were  common  to  all  spectral  tents,  certain  a  Up*  were 
followed  only  for  particular  types  of  lording  hintory.  Outlines  of  the  pro¬ 
cedures  follow. 


Loading  Rlntories  Hnving  Constant  Mean  Lwid  Values 


(l)  From  known  transducer  data,  a  calibration  factor  of  load  versus  electri¬ 
cal  output  was  determined  which  related  the  maximum  signal  voltage  on 
the  program  tape  to  the  highest  load  to  be  applied  to  the  specimen.  This 
maximum  signal  was  recorded  on  an  oscillograph  for  later  reference. 


(2)  A  dummy  specimen,  serving  merely  as  a  }.oad  link  ’’’ring  calibration  was 
installed  in  the  test  fixture  and  the  static  mean  load  was  applied  by 
dialing  in  the  equivalent  voltage  to  tho  servo  valve  circuit. 

(3)  The  required  dynamic  signal  amplification  was  set,  based  on  the  loading 
tape  voltage  calibration  factor. 

(k)  The  maximum  dynamic  load  was  applied  to  tho  dummy  specimen  und  the  load 
cell  signal  output  was  recorded  on  an  oscillograph  for  comparison  with 
tho  static  signal  previously  recorded. 

(5)  Deviatlou  of  the  maximum  loading  cycle  from  the  detired  load  level  was 
corrected  by  a  compensating  adjustment  of  the  signal  amplification,  and 

otep  k  was  repeated. 

(6)  When  the  desired  loading  level  for  the  maximum  cycle  was  obtalued  the 
calibrating  system  <ma  replaced  by  a  test  specimen. 
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Plgura  136  Qtmoral  View  of  Spiraea  Loadins  Apparatus 
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(7)  Tr.e  loading  traco  was  then  applied  to  the  tost  specimen.  The  maximum 
loading  cycle  vas  periodically  mon’tored  on  the  oscillograph  and  re¬ 
quired  adjustments  made  to  the  amplification  of  the  dynamic  signal  to 
BUlntata  the  desired  l.rWi  log  lamL. 

(8)  Touting  vas  continued  until  the  Initiation  of  a  fatigue  crack  Inter¬ 
rupted  the  failure  wire  circuit  terminating  the  loadings.  In  addition, 
interruption  of  the  failure  wire  circuit  cut  off  the  power  source  to 
the  electrical  timing  device  recording  the  duration  of  specimen  life. 

The  full  range  of  random  loadings  applied  to  the  test  specimen  were  period¬ 
ically  monitored  to  determine  the  spectrum  content  of  the  applied  loads,  and 
as  an  added  check  on  the  stability  of  the  frequency  response  of  the  loading 
system,  Monitoring  of  these  random  loadings  was  accomplished  by  recording  on 
magnetic  tape  the  output  signal  from  the  load  transducer  for  each  unit  load¬ 
ing  trace  applied.  These  unit  monitor  tapes  were  then  electrically  counted 
as  described  later  In  the  data  reduction  section. 

Periodic  monitoring  checks  were  also  made  of  the  ordered  loadings  applied  to 
the  specimen.  Monitoring  of  the  ordered  loadings  applied  in  the  preliminary 
investigation  vac  accomplished  in  the  manner  described  above  for  the  random 
loadings.  Monitoring  of  the  step  ordered  loadings  consisted  of  periodic 
recording  on  an  oscillograph  of  the  load  transducer  output  signal  for  the 
complete  ordered  loading  trace.  The  loads  for  each  group  of  cycles  were  cal¬ 
culated  from  the  oscillographic  record  and  compared  with  the  schedule  from 
which  the  loading  tape  was  constructed. 

Loading  Hlotories  Having  Variable  Mean  load  Values 

Random  composite  loadings  vith  gust  type  air  loadings  were  produced  by  using 
the  same  loading  tape  signal  for  both  air  loadings  and  ground  loadings.  The 
ground  loading  trace  was  similar  to  the  air  loadings  except  that  different 
static  mean  load  and  amplification  of  the  dynamic  signal  were  uaed.  The 
loading  tape  signal  was  routed  through  an  electro -mechanical  device  which 
periodically  shifted  both  static  mean  load  and  amplification  of  the  dynamic 
trace.  The  procedure  for  alternately  applying  theBe  two  loading  traces  from 
the  same  input  signal  whs  as  follows:: 

(1)  A  calibration  factor  for  the  load  programming  system  was  determined  re¬ 
lating  opecimen  load  to  loading  tape  vcltage  and  a  calibration  signal 
was  recorded  on  an  oscillograph.  The  Input  voltage  relatlonohips  re¬ 
quired  to  define  the  desired  loading  history  were  then  calculated. 

(2)  lr,  .th  a  dummy  specimen  installed  In  the  loading  fixture,  the  switching 
device  vaa  locked  in  one  of  the  spectrum  loading  position s  and  the 
static  mean  load  vaa  applied  vith  a  bias  voltage. 

(3)  The  required  dynamic  signal  amplification  was  set  based  on  the  loading 
tape  voltage  relationships  calculated  in  Step  1  above. 

(4)  The  maximum  dynamic  signal  vas  applied  to  the  calibrating  opecimen  and 
recorded  on  an  oscillograph  for  compnrioon  with  th*  previously  record¬ 
ed  loading  Bystem  calibration  factor. 
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(5)  Deviation  of  the  maximum  loading  cycle  fro*  the  desired  load  level 
vaa  corrected  by  a  coiqpeneatlng  adjustment  of  the  signal  amplifica- 
tioa  end  the  repetition  of  Step  4. 

(6)  The  switching  device  was  then  locked  In  the  second  loading  condition 
and  Steps  2  through  5  were  repeated  to  obtain  its  desired  dynamic 
trace  amplification. 

(7)  After  the  deaired  loading  levels  for  the  maximum  loading  cycle  were 
obtained,  the  calibrating  specimen  was  replaced  by  a  teat  specimen. 

(6)  The  loading  trace  was  then  applied  to  the  specimen  and  the  switching 
device  was  started  at  the  commencement  of  the  dynamic  signal. 

(9)  The  maximum  composite  loading  cycle  vas  periodically  monitored  on  the 
oscillograph  and  the  required  adjustments  were  made  to  the  amplifica¬ 
tion  of  the  dynamic  signal  to  maintain  the  desired  loading  level. 

(10)  Testing  was  continued  until  a  fatigue  crack  developed.  The  loading 
vas  terminated  by  failure  of  the  previously  described  failure  wire 
and  the  teat  duration  was  recorded. 

Random  composite  military  maneuver  loadings  were  produced  by  employing  the 
signals  from  two  separate  loading  tape*..  To  apply  these  loadings  the  port¬ 
able  tape  unit  used  in  the  tape  construction  work  was  operated  in  parallel 
with  the  programming  tape  unit  as  shown  schematically  on  Figure  135*  These 
two  signals  were  fed  into  the  same  switching  device  used  in  applying  the 
random  composite  gust  loadings.  The  switching  apparatus  alternately 
switched  static  mean  loads  and  the  dynamic  signal  Inputs.  The.  setup,  cali¬ 
bration,  testing  and  monitoring  were  also  accomplished  In  the  manner  de¬ 
scribed  above  for  random  composite  gust  loadings. 

Ordered  composite  loading  tapes  were  constructed  so  that  the  relationship 
between  the  static  mean  load  and  the  dynamic  loading  level  was  recorded  or. 
the  tape.  Thus  only  one  signal  amplification  was  required  for  tne  compos¬ 
ite  tape  to  apply  the  desired  composite  loading  spectra.  The  procedure  for 
setting  the  loading  levels,  testing  and  monitoring,  was  the  same  as  describ¬ 
ed  for  the  single  spectrum  loadings. 

Discussion  of  Loading  System  Development 

In  developing  this  loading  system  a  cumber  of  problems  were  encountered. 

The  resolution  of  the  overall  proniem  of  epplying  the  same  loading  history 
to  the  specimen  for  repeated  applications  of  the  same  loading  trace  requir¬ 
ed  considerable  effort.  Many  factors  contributing  to  this  overall  problem 
complicated  the  development  of  a  completely  reliable  loading  system  through¬ 
out  a  major  portion  of  the  preliminary  investigation.  Some  of  the  contrib¬ 
uting  problems  are  discussed  in  the  following  paragraphs. 

In  order  to  extend  the  operating  frequency  range  of  the  servo  valve  and 
system ,  electrical  lend  networks  vere  developed.  A  flat  frequency  response 
over  the  range  of  0  to  45  cps  with  attenuation  of  3  db  at  60  cps  within  a 


■axioms  allowable  deviation  of  was  set  up  as  the  performance  standard. 
Values  for  the  lead  network  components  were  determined  from  the  frequency 
response  of  the  basic  system.  In  addition  .individual  lead  netvorks  were 
tailored  to  compensate  for  thus  cmmlatlva  effect  of  the  characteristic*  of 
each  servo  loop  in  order  to  meet  these  requirements. 

m  the  continued  effort  to  1  sip  rove  the  overall  loading  system  performance, 
the  meter  originally  used  In  setting  the  level  of  the  Input  loading  trace 
was  replaced  by  a  direct  reading  oaclllograph  (Vlslcorder).  The  uae  Of  the 
oscillograph  permitted  utilisation  of  a  dynamic  signal  for  calibrating  the 
loading  tapes.  This  more  realistic  method  of  setting  the  loading  level 
with  a  dynamic  signal  In  the  frequency  range  of  the  applied  loading  cycles 
greatly  Improved,  the  control  of  variations  In  frequency  response. 

l 

Dus  to  deterioration  In  servo  valve  performance  and  aging  of  electronic 
components,  it  wns  necessary  to  sttnitor  continuously  the  frequency  response 
of  the  servo  system.  A  function  generator  was  used  In  conjunction  with  an 
oaclllograph  to  check  the  servo  system  response  and  by  adjustment  of  the 
forward  and  feedback  gains  of  the  servo  amplifier,  the  system  response 
could  be  maintained  within  the  limits  of  the  deviation. 

Variations  were  noted,  during  the  early  testing  stage,  between  loading  his¬ 
tories  sampled,  at  discrete  intervals  for  the  name  input  trace.  This  vas 
concluded  to  be  due  mainly  to  large  fluctuations  of  the  hydraulic  oil  tem¬ 
perature  occurring  over  a  normal  operating  period  elnce  corresponding 
fluctuations  ware  also  observed  in  the  frequency  response  of  the  loading 
system.  Stabilisation  of  the  hydxaullc  oil  temperature  through  the  use  of 
an  Immersion  heeter  or  regulation  of  cooling  water  through  a  heat  exchanger 
greatly  reduced  these  response  variations. 

Proper  mechanical  operation  of  the  servo  valve  demands  that  the  hydraulic 
fluid  be  flltored  of  all  particles  which  are  greater  than  approximately 
25  microns  In  diameter.  In  order  to  assure  reasonable  filter  llfo  the 
entire  hydraulic  system  vas  maintained  as  free  as  practicable  of  contam¬ 
inants.  The  formation  of  varnish  or  generation  of  corrosion  particles 
results  In  costly  shutdown  periods  sod  Is  a  constant  threat  to  the  attain¬ 
ment  of  reliable  test  data.  Therefore  HIL  H  5606-A  hydraulic  fluid  vas 
selected  because  of  Its  stable  and  non-corroaive  characteristics,  This 
particular  problem  proved  to  he  a  costly  one  during  the  early  stages  of  the 
testing  phase  of  this  investigation. 

Bearing  In  mind  that  the  specimen  loading  system  was,  of  necessity,  highly 
responsive  to  tape  signal  command.  It  can  readily  be  seen  that  it  vas  im¬ 
perative  that  loading  input  tapes  remain  as  free  as  possible  of  extraneous 
signals  which  might  affect  testing  validity.  These  false  signals  may  be 
of  such  strength  to  cause  serious  overloading  or  destruction  of  the  speci¬ 
men.  In  an  effort  to  produce  and  maintain  loading  input  tapes  cooentlally 
free  of  false  signals,  specie},  tape  handling  proccdureu  were  adopted. 
Electrical  means  were  also  e^>loyed  to  repress  false  signals  of  any  signi¬ 
ficant  magnitude,  during  load  application. 
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In  passing  a  magnetic  tape  acros3  a  signal  reproduce-head  any  irregularity 
of  the  tape  surface  causes  a  momentary  loss  of  playback  signal  known  as  a 
drop-oat,  resulting  in  the  appearance  of  a  maximum  voltage  at  the  output 
terminals  of  the  tape  unit  reproduco-electronics.  The  response  character¬ 
istics  of  an  electro  hydraulic  servo  loop  are  such  that  the  loading  system 
instantaneously  applies  the  marl  mum  possible  load  to  the  test  spocimon. 

The  major  causes  of  tape  drop-cuts  are  improper  tape  splices,  flaking  of 
tho  magnetic  surface,  and  minute  dust  particles  collecting  on  tho  tape 
surface.  A  method  of  completely  eliminating  drop-outs  was  not  achieved, 
but  by  a  continual  effort  in  guarding  against  conditions  conducive  to  their 
origin,  their  occurrence  was  effectively  minimized. 

Tho  principal  efforts  extended  in  minimizing  tho  occurrence  of  drop-outs 
were  as  follow si 

1.  Dust  protective  shiolds  were  installed  around  the  area  of  the 
loading  tape  and  signal  reproduoe-oquipraent.  A  practice  of 
periodic  cleaning  was  rigorously  followed, 

2.  Multi-pass  loading  tapo3  were  constructed  by  splicing  together 
recorded  sections  of  the  unit  loading  trace.  These  loading 
tapes  were  rerecorded  onto  aplioo-froo  tape  for  use  on  tho  load 
programming  units.  In  the  event  of  accidental  damage  or  flaking 
of  the  magnetic  coating  of  the  toot  loading  tape,  resulting  in  a 
permanent  drop-out,  a  duplicate  3plico-froo  copy  was  made  of  tho 
originally  spliced  multi-pass  tape, 

3.  Hhore  single  drop-outs  or  other  strong  extraneous  signals  existed 
which  wore  not  the  result  of  splicing,  electrical  means  involving 
tho  use  of  diodo  clippers  wore  utilized  to  subduo  the  strength  of 
the  signal.  To  this  end  the  clipper  circuit  was  adjusted  to  cut 
pff  all  signal  strength  which  was  in  oxcqsb  of  that  signal  repre¬ 
senting  tho  highest  spoctrul  load* 

Q0?.’STAHT  LOAD  A'XPLrfiJDfi  TKSTIKO  EQUIPMENT 

As  notod  in  the  main  body  of  tho  report,  sots  of  5-N  curves  were  dovclopod 
as  roforonce  data  for  tho  random  loading  and  spectrum  loading  tosts.  Tho 
S-N  tosts  wero  conducted  in  resonant.  boar.i  fatigue  test  nachinos.  In  this 
typo  of  fatigue  oachino,  loads  are  developed  by  moans  of  a  motor -dri von 
rotating  eccentric  weight  fastoned  at  the  freo  end  of  a  pivotod  beam. 

This  beam  is  tuned  to  a  frequency  slightly  higher  than  the  driving  fre¬ 
quency  produced  by  tho  motor  (1800  rpra).  The  te3t  specimen  is  mounted 
normal  to  the  axis  of  tho  beam  and  so  is  loaded  axially  by  tho  beam 
displacements.  Static  and  dynamic  loads  aro  measured  and  raonitorod 
using  the  output  of  strain  gages  mounted  on  a  load  cell  which  is  loaded 
in  series  with  the  tost  epaoimon. 
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DATA  REDUCTION 


DESCtn-vriON  OF  COUNT  METHOD^ 


At  .u*t  ■of  this  program  a  large  number  of  count  mothods  wore  reviewed  In 

to*  .-.;  «i  i.helr  applicability.  AH  of  these  methods  wore  variations  or  three 
basic  ctnv.it  methods!  "Peak  Count,"  "Range  Count"  and  "Interval  Crossing  Count.* 
One  of  the3e  three  basic  types  of  count  methods  wao  then  selected  for  further 
use  as  applied  to  the  gust-  data  records  used  in  this  study.  This  was  the  mean 
crossing  peak  count  method.  The  manner  in  which  the  selected  count  method  was 
applied  is  described  below. 

Moan  Crossing  Feak  Count 

Given  load-time  trace  y  ■  f(t) 

(l)  Establish  load  levels  of  interest  yj_,  J’3«»»«ya  above  and  below  rnear 


f  (t)dt 


r* 

A  •  W  1 

t  v . 

M 


(2)  Establish  all  points  at  which  y  ■  that  is  ,  whoro  load-timo  trace 
crosses  mean. 

(3)  Between  two  successive  crossings  of  the  mean  establish* 

a)  The  maximum  value  of  load-timo  trace  for  portions  greater  then 
moan  (peak). 

b)  Thu  minimum  value  of  load-timo  trace  for  portions  less- than 
mean  (valley). 

(U)  Count  the  nUmbor  of  peak  maximum  values  above  any  paticular  level  of 
interest. 

(5)  Count,  the  number  of  valley  minimum  values  below  any  particular  level 
of  interest. 

(6)  Suramariso  counts. 

This  Procodure  is  Illustrated  in  Figure  138. 


k. 
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ELECTRICAL  COUNTINQ  SYSTEMS 


An  Integrated  system  was  developed  for  high  speed  statistical  analysis  of 
random  and  ordered  spectra  enploying  analog  methods.  A  counting  system  wa» 
developed  for  obtaining  a  mean  crossing  peak  count  at  counting  rates  up  to 
500  cycles  per  second*  This  integrated  system  basically  consists  of  a 
magnetic  tape  input  unit,  an  analog  computer  and  an  electronic  totalising 
counter*  Figure  130  shows  this  system  programmed  for  counting* 

The  magnetic  tape  input  unit  was  the  l/h  inch  portable  tape  unit  used  in 
the  construction  of  the  loading  tapes.  A  Model  521C  electronic  counter 
manufactured  by  the  Hewlett  Packard  Corporation  was  employed  to  record 
the  statistical  data  from  the  counting  circuit. 

The  analog  computer  consists  of  eight  standard  KS>JJ  computing  amplifiers 
and  twenty  K24V  operational  amplifiers  manufactured  and  packaged  in  a  3olf- 
contained  unit  by  George  Fhilbrick  Researches,  Inc.  Four  separate  input 
signals  can  be  soalod,  the  polarity  inverted,  and  then  sisnmod  in  the  K$~U 
computing  amplifiers.  In  addition,  a  reforonco  voltage  of  either  polarity 
oan  be  subtracted  from  its  final  output*  The  K2-W  is  a  basic  operational 
amplifier  in  that  no  input  or  feedback  resistors  are  associated  with  it. 

Dy  adding  rosistora,  capacitors,  and  diodes  externally  the  K24T  oan  be 
made  to  operate  as  on  invertor,  filter,  moan  integrator,  buffer,  peak 
follower,  or  voltage  crossing  detector*  Schematical  representations  are 
shown  on  Figures  139  and  11*0  for  the  operational  configurations  in  which 
these  amplifiers  wer<*  employed  in  the  counting  circuit  *  In  addition,  the 
counting  circuit  developed  for  the  mean  crossing  podk  count  rauthod  is  shown 
schematically  in  Figure  ldl. 

The  initial  calibration  of  this  circuit  was  based  on  uso  of  a  five-minute 
section  of  the  original  B4*7  wing  root  loading  trace.  This  trace  was  re¬ 
corded  on  l^i  inoh  magnetic  tape  suitable  for  electrical  counting  and  an 
oscillograph  was  made.  The  visible  trace  was  scanned  and  the  mean  cross¬ 
ing  peak  count  was  tabulated.  This  tabulation  was  thon  used  as  a  guide 
in  assessing  the  performance  of  the  counting  circuit. 

In  the  development  of  this  counting  system  certain  problems  wore  encoun¬ 
tered  whioh  wore  largely  due  to  the  dun  and  for  unique  applications  of  analog 
computor  olomonts.  A  nurabur  of  possible  circuits  wore  evaluated  in  the 
ooaroh  for  counting  systems  which  were  accurate  and  roll  able.  Tho  selec¬ 
tion  and  use  of  high  quality  components  was  a  raquiolta  Lo  the  roliahio 
performance  of  all  circuits.  Precision  carbon  resistors  and  high  quality 
nylor  capacitors  were  used  exclusively  in  all  operational  amplifier 
circuitry.  Silicon  crystal  diodes  ware  uuiod  in  tho  initial  phases  of 
counting  circuit  development  but  lator  proved  to  possoss  insufficient 
reverse  iopodanoo  to  reset  the  peak  follower  in  oil  instances*  Vacuum 
tube  diodes  were  substitute^  providing  reliable  operation  of  the  peak 
follower  circuit* 
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Buffer  -  K 2Jf  Operational  Amplifier 
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Inverter  -  K2-W  Operational  Airliner 
Figure  13?  Applications  of  Basic  Computer  Element! 
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Filter  end  Moan  Integrator 
K2-W  Operational  Amplifier 


Peak  Follower  -  K2-W  Oporationnl  Amplifier  ‘ 


Voltage  Croosing  Detector 
KJ-W  Operational  Amplifier 

Figure  11*0  Applications  of  Basic  Computer  Elements 
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Procedure  for  Counting  Random  Spoctra 

Monitor  tapes  for  the  load  transducer  output  signal*  representing  the  specimen 
leading  Motor?,  were  recorded  for  a  unit  traction  of  each  random  progruaini 
tape*  These  unit  loading  signals  were  then  programmed  through  the  computing 
circuit  and  their  count  distributions  were  recorded  In  columnar  font* 

The  counting  of  a  particular  monitor  tape  was  accomplished  In  the  following 
manners 

Cl)  The  counting  circuit  was  installed  on  the  analog  computer  and 
a  schedule  was  made  of  the  load  levels  at  which  counts  were 
desired* 

(2)  The  load  level  was  dialed  into  the  computer  and  the  monitor  tape 
signal  was  programmed  to  the  counting  circuit*. 

(3)  Cumulative  counts  wore  displayed  on  the  electronic  counter  as  the 
unit  section  of  monitor  signal  was  transmitted  through  the  comput¬ 
ing  circuit. 

(li)  When  all  of  the  monitor  tape  signals  had  boon  played  through,  the 
computing  circuit*  the  total  cumulative  counts  were  recorded  for 
permanent  record  and  the  sequence  was  repoated  for  each  load  level 
in  the  counting  schedule* 


Procedure  for  Counting  Ordered  Spectra 

Monitor  tapes  wore  also  recorded  from  tho  load  transducer  output  signal  for  a 
unit  section  of  each  ordered  loading  tape  constructed  in  tho  preliminary  Invest 
igation.  Those  monitor  tapes  were  counted  in  tho  same  manner  as  described 
above  for  counting  the  randoa  spectra. 

Counting  of  the  monitor  tape  output  signal  for  tho  step  ordered  loading  tapes 
constructed  in  the  principal  part  of  this  investigation  was  obtained  in  the 
following  manner* 

(l)  An  oscillographic  record  was  made  of  the  load  transducer  output 
signal  for  the  full  longth  of  each  stop  ordorod  programming  tape. 


(2)  Tho  amplitude  at  each  load  interval.  va3  scaled  and  the  load  level 
determined  by  comparison  with  a  known  calibration. 


analysis  or  ACCURACY 


A  step  by  atep  procedure  of  the  testing,  nonltorlng,  and  counting  operation 
U.  suawsritcd  below.  The  value*  of  maxima  possible  error  art  each  step  lif 
thla  procedure  are  ahovn.  The  nature  of  such  error  sources  Is  noted  In  the 
procedure  outline  *«nd  «l*o  keyed  to  the  schematic  diagram  ahovn  In  Figure  ill? 

These  individual  errors  were  added  directly  to  Obtain  the  maximum  error 
limits  shown  graphically  on  Kgure  lii3*  However,  a  more  realistic  evaluation 
of  the  accuracy  of  the  presented  data  is  obtained  from  the  95*  probability 
error  limits  presented  graphically  on  Figure  liUw 


TEST  PROCEDURE  OSHM  MULTI-PASS  . 

LOADING  "SPECTRUM  PROGRAMMING  TAPE  . 

(1)  Apply  static  calibration  of  load  cell  H  to  Vieicorder(j) 
a)  Load  cell  calibration 

(2)  Start  tape  transport  (/f)  and  play  output  signal 
thru  tape  electronics  and  servo  loop  (D-E-P-H) 
and  record  load  cell  (!n  output  on  Vielcorder  J  .■ 

Compare  maximum  dynamic  range  to  static  calibration 
011  Vielcorder  (step  l)  and  adjust  gain  pot  C  to 
apply  desired  maximum  specimen  stress 

a)  Stability  of  progrerencr  electronics  (B) 

b)  Stability  of  servo  command  electronics  (5) 
o)  frequency  response  deviation  (e) 

d)  Specimen  cross  sectional  area  variation  0 

e)  Stability  of  load,  cell  monitor  electronic;*  (i) 

f)  Visiconlsr  frequency  response!  (j) 

g)  Reading  accuracy  -  comparison  Yisieoider  calibrations (j) 

(3)  Continuous  loading  applied  to  u  .•'.■cimen  with  calibration 
techniques  (steps  1  and  2)  eppiRd  periodically 

a)  Variation  of  frequency  response 


of  Error 


±0.02 


±0.02 
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Schematic  of  Coxplet*  Testing,  Monitoring  and  Counting  Process 


H0HH3  IimaraOHct  %$6  t^T  SHQOli 


PROCKUUKB  FOR  RECORD IRQ  MONITOR  TAPg 
or  SPECIMEN  LQADINO  HISTORY  ' 

(1)  Output  slgnalof  load  call  (§)  played  through  monitor 
electronics  Q3  and  unit  section  of  basic  data  recorded 
on  recorder  qj). 

a)  Stability  of  load  cell  monitor  electronics 

b)  Stability  of  recorder  electronic*  (g) . 

PROCEDURE  FOR  COUNTING  MONITOR  TAPS 

(l)  Program  monitor  signal  Into  computer  0,  ®  4  (S)  and 
observe  occurrences  of  data  characterlatlceon  counter  (R), 

a)  Balance  computer  bank  No.  2  0  . 

b)  Balance  computer  bank  No.  3  (Rj  » 

c)  Zero  output  computer  bank  No.  1  (§) 

(read  meter  (S;)  for  ''tape-zero"  Input. 

d)  Adjust  output  computer  bank  No.  1  0 

(read  meter  ®  )  for  tape  calibration  Input 
to  desired  signal  amplification  level. 

e)  Dial  desired  signal  count  level  In  computer  bank 

No.  3  (R)  and  observe  number  of  count*  on  counter  (?) . 

f) -  Stability  of  computer  bank  No.  1  0. 

g)  Stability  of  computer  bank  No.  2  (P). 

h)  Stability  of  computer  bank  No.  3  (5). 


of*  Ebror 


±0.09  # 
±0.09  * 


±0.09  • 


±0.225  * 


±o.2i»T5  * 


It  should  be  noted  that  the  error  analysis  described  above  applies  to  the 
complete  testing-counting  process.  It  therefore  establishes  tha  accuracy  of 
vhe  specimen  test  history  curves  presented  In  the  report. 


*  XSI  Constant 
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MATERIAL  STRENGTH 


The  results  of  static  tensile  tests  on  the  7075-T6  bare  aluminum  material  used 
in  the  investigation  are  presented  in  Table  5U.  The  geometry  of  the  rectangular 
2  inch  gage  length  conformed  to  ASTM  Standard  E8-57T.  The  longitudinal  grained 
tensile  test  specimens  were  taken  along  the  longitudinal  axis  of  each  sheet  of 
material. 
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specimens  were  selected 


TABLE  $$ 


unit  wu  peak  oust  loadijw  spectra  and  3-n  data  for  notched  sheet  coupons 

7075 -T6  aluminum  allot 
,  *tmk 

m  ®  ®ne4a  "  *071 

Ftu  ■  85  rai  (Oro**  Area) 


Loading 

fv 

Stop 

KSI 

By 

a 

N 

18  LOADING  STEPS 

1 

760 

.0071 

715900 

•  • 

2 

1.7ft 

.0209 

5U588 

•  • 

3 

2.97 

.C3a9 

280342 

6000000 

a 

4.16 

.OI489 

112479 

1200000 

5 

5.35 

.0629 

32231 

320000 

6 

6.54 

.0769 

7519 

120000 

7 

7.42 

.0873 

1184 

68000 

8 

0.00 

.091*1* 

561 

•  46000 

9 

8.60 

.1012 

379 

32000 

10 

9.20 

.1082 

211 

24000 

11 

9.75 

.311*7 

119 

I85OO  - 

12 

10.35 

.1218 

125 

14000 

13 

11.15 

.1312 

81 

10200 

l* 

11*75 

.3382 

18 

81*00 

15 

11.98 

.11*09 

4 

78OO 

16 

12.28 

.UiW 

17 

7200 

17 

12.80 

.3506 

15 

6000 

18 

13*55 

.1591* 

(068*) 

EiSSSo? 

•  4800 

I 

4.20 

,0J;9U 

IOOOOOO 

2 

0.15 

.0959 

s8g 

43000 

3 

12.00 

.31*12 

n 

7800 

A 

14.00 

.161*7 

.10 

4200 

2T2l000*“ 

TABLK  56 


TABLE  57 


UNIT  LOW  PEAX  GUST  LOADING  SPECTRA  AND  S-Jf  DATA  FOR  NOTCHED  SHEET  COUPONS 

7075 -T6  ALUMINUM  ALLOT 
*T  -  7 

fmeen  “  &  ^aeaa  *  *071 

7tu  “  6?  K3I  (Gross  Area} 


Loading  fv 
Step  KSI 

_ Sv _ _ 

n 

N  ■ 

fv 

X5I 

Sv 

|P 

H 

17  LOADING 

STEPS 

13  L0.AD1NG  STEPS  9 

1 

.60 

”100308 

1.10 

BBIMi 

4  4grf 

OO 

2 

1.78 

.0209 

71917 

3900000 

1.95 

.C229 

212k 

2400000 

5 

2-97 

.0349 

yM7 

980000 

2.79 

.0328 

1291 

520000 

4 

4.16 

.048? 

15803 

110000 

3.72 

.Cl,i3Q 

703 

170000 

5 

5.35 

.0629 

4551 

42000 

4.66 

.C548 

256 

70000 

6 

6.54 

.0769 

1068. 

17000 

5.66 

.0666 

89 

32000 

7 

7.42 

.C873 

1 66 

9900 

6.68 

.0766 

23 

15000 

8 

8.02 

.0944 

100 

6ooo 

7.70 

.0906 

IO 

8000 

9 

8.60 

.1012. 

35 

5100 

8.76 

.1031 

3.5 

4000 

10 

•  9-20 

.1082 

29 

3800 

9-75 

.1147 

1*5 

3000 

11 

9.75 

.nli7 

18 

3000 

11.00 

.1294 

-70 

1000 

12 

10.35 

.1218 

18 

2300 

11.91 

•lliOl 

.20 

1500 

15 

11.15 

.1312 

10 

1700 

13.10 

-15U1 

.10 

090 

14 

U.75 

.1382 

4.0 

14  OO 

•1$  ' 

11. 90 

.1109 

1.0 

1300 

16 

12.28 

.l42i5 

2.4 

1150 

17 

12.80 

.1506 

'2.0 

950 

(G70»)  >1233400 


(071)  Z  9000 


TABU  $8 


UNIT  HIGH  PEAK  GOST  LOADING  SPECTRA  AND  3-M  DATA  rOR  NOTCHED  SHEET  COUPON3 

7075 -T6  ALUMINUM  ALLOT 
KT  ■  4 

*Wan  “  12  ESI  Bates a  *.ll|l 


Pttt  “  85  K3I  (Grose  Area) 


Loading 

Step 

KSI 

a 

Jf 

£3  Loading 

7£rK?3 

1 

.5 

.0059“ 

107200 

00 

2 

1-5 

.0176 

83784 

10000000 

3 

2.5 

.C29U 

70408 

1S00000 

k 

3*3 

.Clil2 

49593 

420000 

5 

4*5 

.0529 

32123 

170000 

6 

5*5 

.0647 

19296 

60000 

7 

6.5 

.C765 

9663 

41000 

0 

7*5 

.0882 

4035 

24000 

9 

8.5 

.1000 

1658 

15000 

10 

9*5 

ana 

691 

10000 

11 

10.5 

.1235 

287 

7400 

12 

11.5 

.1353 

151 

5500 

13 

12.5 

•luTl 

77 

4100 

1.4 

13*5 

.1588 

42 

3100 

15 

14.5 

.3706 

29 

2400 

16 

15.5 

.1824 

16 

1900 

17 

l6'.io 

.1894 

2.0 

1600 

10 

16.51 

.3912 

6.0 

1500 

19 

16.92 

.1991 

1.0 

1300 

20 

17.50 

.2059 

5.0 

1200 

21 

18.14 

.2134 

1.3 

960 

22 

18.64 

1-5 

890 

23 

19.26 

.2266 

_ JO 

760 

(G72*)  £ 379100 

3  LOADING 

STEPS 

1 

Tn 

.C!ilS6 

8389 

230000 

2 

8.25 

.0971 

m 

17000 

3 

12.35 

.3463 

30 

4300 

4 

16.05 

.1888 

2.9 

1590 

5 

10.30 

.2153 

.096 

940 

(073)  £929° 

*  Tost  Group  No 


table  $9 


OHIT  HIGH  PEAK  GUST  LOADING  SPECTdA  AND  S-M  DATA  FOR  NOTCHED  SHEET  COUPONS 

70T5-T6  AUDGNUM  ALLOY 
Kt  -  4 

^aean  *  12  KSX  Saeao  "  «lilX 
Ftu  “  85  WSX  (Gross  Ares) 

iondtn.B  * - 


Step 

xsr  Sv 

n 

n 

KSI 

.  Sv 

n 

N 

19  LOADING  STEPS  . 

I 

•96  .0113 

5033 

msm 

1001*3 . 

iooooooo 

2 

1-79  .0211 

3511 

4500000 

2.46 

.0269 

6993 

1600000 

3 

2.65  .0312 

3290 

1100000 

3.34 

.0393 

6594 

500000 

2* 

3.59  .CUl8 

1642 

380000 

4.50 

.0529 

3697 

170000 

5 

4.48  .0927 

1139 

175000 

5.30 

.062); 

2298 

08000 

6 

.  5.45  .0$1*1 

592 

81000 

6.36 

.C7);8 

1199 

45000 

7 

6.35  .071*7 

355 

45000 

7.35 

,0865 

708 

26000 

8 

7.35  .0865 

133 

26000 

8.4o 

.0988 

263 

15000 

9 

8.38  .C9P6 

59 

16000 

9.50 

.1118 

117 

10000 

10 

9.35  .lico 

23 

10000 

10.50 

.1235 

45 

7400 

U 

10.85  .1276 

9.9 

5500 

11.60 

.136? 

20 

5200 

12 

11.90  .itiOO 

4.9 

4900 

12.50 

.1471 

9.8 

4100 

12.80  .1506 

3.0 

3800 

13.60 

.1600 

5.9 

3000 

l4 

13.00  .1621* 

2.0 

2900 

13.80 

.1624 

3-8 

2900 

15 

.  14.90  .1753 

•99 

2200 

15.10 

.1776 

2.0 

2100 

16 

15.90  .1871 

.50 

.1700 

15.90 

.1871 

.98 

1700 

17 

17.20  jurib. 

•  30 

521-0 

4 1’  .00 

*2000 

.56 

1300 

18 

18.05  .2121* 

.10 

1000 

18.00 

,213.8 

.21 

1000 

19 

18.30  .2153 

.10 

960 

18.30 

.2153 

.21 

960 

(G7li»)  <  16000 

(075)  E 

52660' 

YjI  li' 


TABLE  60 

UNIT  HIGH  PEAK  GUST  LOADING  SPECTRA  AND  S-N  DATA  FOR  NOTCliKD  SHEET  COUPONS 

7075-T6  ALUMINUM  ALLOY 
IT  “  7 

faeaa  -  12  KSI  Soean  -  .lU 
Ftu  •  KSI  (Grooa  Area) 


Loading  f 
S 


9000000 

I.05  ,61^4 

5466006 

2.50 

.0294 

18066 

280000 

2.00  .0235 

621 

700000 

4. 16 

.01*89 

9961* 

41000 

3.00  .0353 

444 

l'lOOOO 

5.84 

.0687 

1*005 

13000 

3.90  .0459 

286 

54000 

7.50 

.0882 

1170 

5100 

4.90  .0576 

194 

24000 

9.16 

.1078 

278 

2400 

5.80  .0682 

102 

13000 

10.1*2 

.1226 

1*3 

1500 

6.00  ,c8oo 

48 

7000 

11.21* 

.1322 

21 

1150 

8.00  .0?4l 

20 

3900 

12. OS 

.lit  21 

15 

900 

9.00  .1059 

8.'9 

2600 

12.92 

.1520 

7 

710 

9.80  .1152 

3.6 

1900 

13.66 

.1607 

1*  .6 

570 

10.60  .1247 

1.4 

1400 

14.48 

.1704 

i*.4 

480 

11.70  .1376 

.91 

980 

15.53 

.1033 

3.2 

350 

12.70  .lit?!* 

.40 

740 

l6.4o 

.192? 

.60 

290 

14.00  .1647 

.31 

530 

14.90  .1753 

.15 

420 

16.00  .1882 

.10 

320 

. 

16.20  .1906 

.044 

300 

(G7&»)  5: 58700 

(077)  Z 

2500 

*  Tost  Croup  No 

ASD  TR  61  -  2i3H 
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TABU  6Z 


UNIT  FIGHTER  MANEUVER  LOADING  SPECTRA  AND  S-M  DATA  FOR  BOTCHED  SHEET  COUPONS 

7075  -t6  aluminum  allot 

4 

fain  ■  5*4  KHI  ^  «  .00*  . 


Ftu  *  65  KSI  (Gross  Area) 


Loading 

Step 

fv 

KSI 

Sv 

n 

K 

t‘v 

KSI 

Sy 

0 

n 

1  3 

LOADING 

STEPS 

1 

.71 

.0084 

5971 

C>0 

T75ET 

350 

00 

2 

2.13 

.0251 

.0502 

4795 

OO 

3.50 

.C4l2 

235 

,1000000 

3 

4.27 

7083 

350000 

5.75 

.C676 

175 

78000 

4 

7.10 

.0835 

5029 

26000 

7.80 

.C916 

125 

18000 

5 

9.92 

.1167 

2860 

7000 

10.00 

.1176 

85 

6600 

6 

12.78 

.3504 

1351  • 

2400 

‘  12.10 

56 

3100 

7 

14.90 

.1753 

264 

1200 

14 .20 

.1671 

29 

1500 

8 

16.30 

.1918 

164 

020 

16.50 

Uy4l 

12 

780 

9 

18.45 

.2171 

113 

500 

18,30 

.2153 

5-4 

520 

10 

20.25 

.2382 

12 

36O 

20.15 

.2371 

1.6 

360 

11 

20.81 

.2448 

(Ml4*) 

_ JL5. 

V  27700 

320 

21.00 

.2471  .28 

(Mi5)  £  noo 

310 

#  Tost  Group -No* 


ASD  TO  61  -  I4JU 


3U0 


TRBtff  6J 


UNIT  FIGHTER  MANEUVER  LOADING  SPECTRA  AND  S-N  DATA  FOR  NOTCHED  SHEET  COUPONS 

7075-T6  ALUMINUM  ALLOT 
Kt  “  4 

fBln  -  5-4  K5I  Sain  -  .06l» 

Ftu  -  C5  KSI  (Gross  Area) 

Loading  fv  Loading  fv 


Stop 

K5I 

8v 

n 

N 

Step 

XSI 

3* 

n 

N 

40  LOADING  STEPS 

1 

.470 

.0055 

100 

— 

21 

■Ml 

wma 

15 

m&n 

2 

.845 

.009? 

75 

— 

22 

11.C50 

.1300 

15 

3 

1.175 

.0138 

75 

s»» 

23 

11.750 

.1382 

12 

3500 

4 

1.555 

.0183 

75 

— 

24 

12.250 

.1441 

11 

2900 

5 

1.9JQ 

.0227 

75  • 

m  tm 

25 

12.850 

.1912 

7.8 

2300 

6 

2.400 

.0282 

60 

’{200000 

26 

13.550 

.1994 

5.9 

1800 

7 

2.920 

.03 1  jit 

55 

26000CO 

27 

14.150 

.166? 

5.9 

1600 

0 

3.500 

.0412 

45 

1000000 

28 

14.650 

.1724 

5.8 

1300 

9 

3-955 

.046? 

45 

510000 

29 

15.150 

.1702 

3.9 

1100 

10 

4.475 

.0926 

45 

300000 

>0 

13.700 

.1847 

2.9 

940. 

11 

5.000 

.0588 

40 

155000 

31 

16.300 

.1918 

2.0 

8eo 

12 

5-555 

.0694 

55 

68000 

32 

16.850 

.1982 

2.0 

710 

1) 

6.050 

.0712 

35 

58000 

33 

17.350 

.2041 

1.5 

640 

14 

6.650 

.0782 

32 

37000 

34 

17.850 

.2100 

•  98 

570 

15 

7.150 

.0841 

30 

26000 

35 

18.300 

.2193 

.96 

520 

16 

7.750 

.0912 

25 

ilieoo 

35 

18.850 

,2P1H 

•70 

470 

17 

8.300 

.C??6 

23 

l4ooo 

37 

19.400 

.2202 

•  58 

420 

IQ 

8.550 

.1006 

20 

12000 

38 

20.000 

•2393 

.50 

370 

19 

9.400 

.1106 

20 

8600 

39 

20.300 

.2388 

.40 

350 

20 

10.000 

.1176 

19 

6700 

4o 

2L.000 

.2471 

310 

(Ml6s)  >..1000 


*  Taut  Ciroup  No. 
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(Tl*)  z  559700  (?2)  2121500 


Total 


26  LOADING  STEPS 
LOW  PEAK  GUST  LOADING 


*mean"  ^ 

KSIJ  Wn"  .071 

1 

1.15 

.0135 

5549 

00 

2 

2,20 

.0259 

4036 

00 

3 

3.25 

.0362 

2018 

84ooooo 

4 

4.35 

.0512 

940 

900000 

5 

5-35 

.0629 

386 

330000 

6 

6.4o 

.0753 

114 

135000 

7 

7.45 

.0876 

27 

65000 

a 

6.25 

.0971 

9.9 

40000 

9 

9.15 

.1076 

4.0 

24000 

10 

10.15 

.119it 

2.4 

150CO 

11 

11.20 

.1316 

.99 

10000 

12 

12.05 

.1L18 

,4i 

8600 

13 

13.00 

.1529 

5700 

GROUND  LOADING 
^mean*  ”3  KSI;  ^aeon“ **^35 


14 

1.20 

.Ollil 

2969 

00 

15 

2.20 

.0259 

2078 

00 

16 

3.30 

.0368 

1088 

00 

17 

4.50 

.C529 

495 

5200000 

18 

5.65 

•C665 

208 

1500000 

19 

6.75 

.0794 

64 

550000 

20 

7.60 

.0894 

15 

270000 

21 

8.65 

.1018 

5.9 

136000 

22 

9.40 

.1106 

2.0 

90000 

23 

10.30 

.1212 

•  99 

52000 

24 

11.45 

.1347 

.60 

29000 

25 

12.00 

.1412 

.41 

226CO 

I6930 

GROUND -AIR-GROUND  LOADING 
^roean1*  1*5  KSIj  Sroenn3  .016 

4.90  ,0576_  1170 

(CGI*)  JE21200 


2100000 


ASD  TR  61  -  U3U 


*  Test  Group  No 

3li3 


TABL2  66 


UNIT  COMPOSITE  LOW  PEAK  GUST,  GROUND  AND  GROUND-AIR-GROUND  LOADING 
SPECTRUM,  AND  S-N  DATA  FOR  NOTCHED  SHEET  COUPONS. 


7075 -T6  ALUMINUM  ALLOY 

»  7 

Ftu  -  05  KSI  (GROSS  AREA) 


LOADING 

STEP 

KSI 

&v 

» 

H 

21  LOADING  STEPS 

LOW  PEAK  GUST  WADING 

^raean 

■  6  KSI;  Sn^an" 

.071 

1 

1.30 

.01  $3 

511 

CO 

2 

2.30 

.0271 

325 

2900000 

3 

3.20 

.0376 

220 

320000 

4 

4.20 

.Oli9U 

90 

110000 

5 

5.10 

,C600 

34 

49000 

6 

6.00 

.0706 

12 

25000 

7 

7.20 

.celt? 

2.5 

11000 

8 

8.70 

,1 P?4 

Pi 

•  VA 

4900 

9 

9.10 

.1071 

•  35 

4000 

10 

10.00 

.1176 

.21 

2700 

11 

11.00 

.1294 

.052 

1000 

2.1200 

GROUND  LOADINO 

*mean“ 

-3  KSI;  3„jean- 

-.035 

12 

*  1.30 

.0153 

290 

CO 

13 

2.30 

.0271 

190 

GO 

l4 

3.30 

.0388 

84 

1800000 

15 

4.30 

.05:06 

29 

450OCO 

16 

5.20 

.0612 

5.2 

165000 

17 

6.2  5 

.0735 

1.1 

69000 

18 

7.25 

.0653 

•  35 

3*i  OOO 

19 

8.35 

.0982 

.16 

17000 

20 

8.85 

.loia 

12000 

l.Soo 

GROUND-AIR-GROUND  T HADING 

^tueon" 

1.5  KSI;  SpjyQf,- 

-  .018 

21 

4.65 

.0947 

102 

140000 

Total  (CG2»)  1 1900 


*  Teot  Oroup  No. 


3  44 


ASD  TH  61  -  434 


TABUS  67 


3y  a  N  "I  *v 

1  1/9 « 


UNIT  COMPOSITE  HIGH  PEAK  GUST,  GROUND  AND  GROUND -A  IIMJHOrJND  LOADING 
SPECTRA,  AND  S-N  DATA  FOR  NOTCHED  SHEET  COUPONS 
7075-^6  ALUMINUM  ALLOY 
Kp  «  4 

X5JB.— f - It U=J?  J2I__(GRqSS_AREA} _ _ _ 

INC  *  3  y  a  N  fv  «  n 

STEP  KSI  KSI  ^  B 


8  LOADING  STEPS  " 


High  Peak  Qua Loading;  fmean  =■  12  KSI;  Smear,  -  .11*1 

CI3S  60 6  oo 

0262  505  IGOOOOO 

0400  429  470000 

0fJ06  257  •  190000 

0635  158  86000 

0747  84  46000 

0900  4o  ??000 

1006  3  7  3.1 


13.60 

14.80 

15.40 


0129  256a 

OO 

>om  2560 

2000000 

1598 

770000 

■C459  1064. 

280000 

056S  580 

132000 

'rotal 


.Olh7 

553 

CO  1.10 

.0129 

455 

'><3 

.0247 

286 

00  2.05 

.0241 

34? 

00 

.0369 

133 

00  3.05 

.0359 

126 

00 

.0494 

44 

7SOOQOO  4.00 

,04?1 

46 

ICOOGOOO 

.0988 

6.9 

3000000  5.00 

.C:86 

5.2 

3000000 

.0706 

2.0 

1070000  6.05 

.0712 

2.4 

980000 

,0012 

.64 

480000  7.00 

.0824 

^3 

4*30000 

,0935 

.25 

92COOO  8.05 

,4o 

192000 

,1018 

.046 

134000  9.30 

,1C?4 

.11 

91000 

.1053 

.046 

116000  — 

— 

Z1030 

Z970 

Oround -A 1 r -Ground 

Loading;  rnean  »  4.5 

KSI; 

Scte.?n  3 

.C53 

0935  182 


(CG3  »>  0320 


67000 


(COu)  £10100 


ASD  TR  61  -  U3U 


*  Test  Group  No, 
34* 


TABLE  6& 

UNIT  COMPOSITE  FIGHTER  MANEUVER,  GROUND  AND  GROUND-AIR-GROUND  LOADI  NO 
SPECTRUM,  AND  S-N  DATA  FOR  NOTCHED  SHEET  COUPONS  7075-T6  Aluminum  Alloy 

S-1* 

.^ta  -  &5  gal  (Gross  Area) 


Loading 

Steps 

ESI 

Sv  a 

29  Loading  Steps 

N 

FIGHTER  MANEUVER  LOADING 

“  5.1*5  KSIj  a. 

min  unit 

-  *061*. 

1 

.71 

.0081* 

1870 

oo 

2 

2.13 

.0251 

11*96 

13000000 

3 

h.2  7 

.0502 

2221* 

31*0000 

It 

7.10 

.0835 

1571* 

27000 

5 

9.92 

.1167 

896 

6500 

6 

12. 78 

.1501* 

1*23 

21*00 

7 

It*.  90 

.1753 

83 

1200 

6 

16.30 

.1918 

5l 

820 

9 

ia.i*2 

.2167 

35 

5io 

10 

20.25 

.2302 

3.9 

Jl*0 

11 

20,  oO 

.21*1*7 

2.0 

310 

GROUND  LOADING 

f 

-  -3  KSIj  S 

-  -.035 

mean  mean 

12 

.1*2 

.001*9 

81*9 

CS-O 

13 

1.1*1* 

.0169 

628 

oo 

11* 

2.38 

.02130 

31*5 

oo 

15 

3.32 

.0391 

138 

OO 

16 

1*.28 

.0501* 

39 

7000000 

17 

5.22 

.06U* 

9.1 

2200000 

18 

5.9)» 

.06 99 

1.5 

1100000 

19 

6.1*2 

.0755 

.63 

71*0000 

20 

6,89 

.0811 

.1*1* 

500000 

21 

7.36 

.0866 

.25 

330000 

22 

7.80 

.0918 

.15 

21*0000 

23 

8.28 

.0971* 

.21 

170000 

21* 

8.90 

.101*7 

.037 

120C0C 

25 

9-30 

.3101* 

.055 

90000 

26 

9.56 

.1125 

.002 

80000 

27 

9.60 

.11.53 

.016 

70000 

28 

10.22 

-1202  .003 

22010 

GROUND-. iIR-GROWND  LOADING 

r  „  -  1.22  KSIj  Smnan  -  .Oil* 
mean  mean 

SUooo 

29 

Total 

li.22 

.01*96 

287 

(cja-JBiooo 

5000000 

*  Teat  Group  No. 
3W> 


ASD  TR  61  -  l*3l* 


TABLE  69 


EXPERIMENTAL  PATIGUE  LIVES  FOR  GUST  LOADING  SPECTRA 
7075-T6  ALUMIMM  ALLOT 

(Tania  Ls  coaplatod  on  next  three  pages)- 


Teat 

Group  Specimen  Type  of 

No. _ No.  Specimen  ZF.Hkz 


No.  of  Type  of  Teet 

Loading  Spectrum  Block  Life 

Step«  Curve  Sequence  Size  (lo6  Cyclet' 


066 


513 

562 

595 


G69 


573 

507 

jea 

592 

591 


Notched  k 
Sheet 
Coupon 


.C71 


18 


Low 

Peek 


True 

Random 


1662800 

(Arg.) 


Ik 


Lo-Hl 


120000 


G70 


299 

7 

17 

300 

: 

15 

501 

17 

302  Notched 

17 

303  Sheet 

17 

301!  Coupon 

r  .071  17 

d. 

PeuV 


True  25>l*00 
Random  (Avg. ) 


1.956 

I.U70 

1.792 


305 

! 

•  • 

1 

1  ! 

1451  . 

1  ITSso* 

36^ 

365 

g6?  568 

370 

377 

1 

4 

1-39^ 

.458 

Lo-Hl  26000  2.103 

2.046 
l.OJO 
1.230  * 

372 

376 

c68  381 

505 

3?* 

It 

4.910 

3-170 

Lo-Ul  60000  4.189 

3-777 

4.165  * 

k-555 

5-506 

5.590 

9. 87U 
10.056 
'6.005  * 


.252 

.170 

•259 

.200 

.326 

Jit 

.220  ■: 


Teat 

Group  Specimen  Type  of 
No.  No.  Qpcciaen  By  S 


G7* 


TABLE  69 

kxfhomental  fatigue  lives  foe  <mai  loading-  &pbctb* 

T075-T6  ALUMINUM  ALLOY  SCW* 

-  (Table  la  continued  on  next  page) 

No.  oi'  !lype  of  ~ 

Loading  Spectrum  Block 

Wnn  Stepe  Ce>'Ve  Sequence  r<,.. 


Botched  7 
Sheet  | 
Coupon  ) 


rest — 

Life 

(106  Cycle, ) 


313 

1 

320 

1 

328 

Notched 

335 

Sheet 

J4i 

• 

Coupon 

*  Geometric  Mean 

19 


.on 

Lov 

Peak 

13 

.071 

Lo 

V 

Peak 

.11a 

1 

23 

High 

1 

21 

Peak 

Lov-Hi  9000 


**•«•  379100 

Hv.ridoa  (Avg.) 


Lo-Hl 


9250 


Ln-iU  .16000 


,3.10. 


High 

Peak 


.211 

.289 

005 

.254 

.gg8 

.255* 


.652 

•  396 

.'*37 

•  335 
.239 
.32  6 
.248 

__.359* 

.304 

.145 

.188 
.306 
.207 
.453 
.35 


A15 

.470 

.314 

.411 

i2®S 

.iSEKL 


asd  tr  61  -  ioli 


3l8 


TABLE  69 


EXPERIMENTAL  FATIGUE  LIVES  FOR  GUST  LOADING  SPECTRA 
7075 -T6  AL5JMINUM  ALLOY 


(Table  is  concluded  on  next,  page) 

Test  No!  of 'type  of  '  IPeat 

Group  Specimen  Type  of  Loading  Spectrum  Block  Life 

Ho,  No.  Specimen  &T  Smi»a,n  Steps  Curve  Sequcr.ee  Size  (106  Cyolea)  ’ 


C75 


307 

Notched  4 

308 

Sheet 

309 

Coupon 

310 

! 

312 

4 

.na 


19 


High  .319 

Peak  .289 

Lo-Hl  32000  .288 

.224 

.274  » 


274 

280 

G76  281 

282 

283 

284 


7 


15 

14 

13 

13 

13 

13 


True  50700 
Random  (Avg.) 


.0566 


.0957 
.0566 
•  0392 


.0522 

.0522 

To sir* 


293 

.0630 

294 

.0582  • 

C17  295 

17 

Lo-Hl  2500  .0630 

296  Notched 

.^0 

297  Sheet 

High  .0413 

258  C<vupon  7  ,11(1  Peak  .0555 


TABLE  6? 


EXPERIMENTAL  FATIGUE  LIVES  FOR  GUST  LOADING  SPECTRA 

?0?5-T6  aluminum  allot 

(Concluding  page  of  table} 

Test  No.  of  Type  of  Test 

Oroup  Specimen  Type  of  „  g  Loading  Spectrum  Block  Life 

No.  No.  Specimen  !T  mean  .  Stops  Curve  Sequence  Size  (106  Cycles) 


70  Notched 

72  Sheet 

85  Coupon 

88 

078  \\ 

111* 

115 

126 

128 


251 

252 

079  255 

256 

258 


h 


Ooo 

.309 

.260 

.251* 

Concave  True  272600  .277 

Upward  Random  (Avg.)  .21*0 

.262 
.228 
.3  59 
.239 
.270* 


Concave . 
Upward 


825600 

Lo-Ui  (Avg. ) 


1.020 

.780 

.536 

.808 


G80 


173 

175 

176 

177 


21*6  I 

2U7  I 

G81  21*8  Notchod 

21*9  Sheet 
250  Coupon  1*  .li*i 


7 


7 


Concave  True  196700 
Downward  Random  (Avg.) 


Concave  r  ...  11*5100 

Downward  “  (Avg.) 


*  Geometric  Moon  of  Teat  Life 


<  i» 1  ii  i'y««  III'  Mr'  -•  W»' 


a.., .  * ts*'^  -'->  >'.?!*l^.|7y^^ii^v^-f^<^-T^TOT^,r^yTI!'T^'-v^r'r 


TABLE  70 

EXPERIMENTAL  FATIGUE  LIVES  FOR  GROUND  LOADING  SPECTRA 


707.5-T6  ALUMINUM  ALLOT 


Block 


Tent  Specimen  Type  of  No*  of  Block  Test 

Group  No.  Specimen  ^  ^«oan  Loading  Sequonce  Size  Life 

No.  Steps  (Id6  cyclee) 


Notched 

Sheet 

Coupon 


-.035 


True 

Random  £59700 
(Avg.) 


Notched  7  -.035  U  Lo-JU 

Shefy  t 

Coupon 


21500 


.783 

,5oo 

.552 

.579 

.1*96 

•U48 

"T5gr» 

.775 

.7li8 
1.010 
1.268 
.900 
1.309 
“T97T  * 


«•  Geometric  moan  of  teat  life 


ASD  TR  61  -  h3k 


35 1 


TABLE  7X 


SXPERIHKflTAL  FATIGUE  lives  for  fighter  maneuver  loading  spectra 

7075 -t6  aluminum,  allot 


Teat  kioi  of  '  '  "  '  '  Test 

Group  Specimen  3^rp«  0 if  Loading  Block  Llf* 

Ho.  Wo.  Specioep  8wtn  Stupa  Segu^nc*  Size  (10&  Cycles 


3*2  Notched  1 

v  .026* 

3*3  Sheet 

.0220 

>44-  Coupon 

.0176 

JG.4  3*5 

.064  11  True  27700  .  0308 

2^6 

Random  (Avg, )  .0^»UO 

3*7 

.026* 

3*9 

.0264 

.0267* 

399 

.0129 

too 

.0129 

Ml?  4oi 

.06U  U  Lo-Hl  1100  .  0097 

tot 

.0193 

*06 

•01J0 

. 

.0136  * 

410 

411 
413 

1 

Notched 

.06U 

40 

Lo-Hl 

1000 

.0082 

.0174 

.0123 

414 

Sheet 

.0123 

415 

Coupon  4 

.0133 

.0123  « 


*  Geometric  aeaa  of  test  llf# 


TABLE  72 


EXPERIMENTAL  FATIGUE  LIVES  TOR  COMPOSITE  MANEUVER  LOADING  SPECTRUM 

707S-T6  ALUMINUM  ALLOT 

Truo  Random  loading  Sequence 


Test 

Group 

No. 

Specimen 

No. 

Type  of 
Specimen 

'‘min 

3 

mean 

No.  of 
Loading 
Steps 

Block 

Size 

Teat 

Life 

(l(fi  Cvnlao) 

CM1 

W8 

489 

490 

499 

500 

Ketch ed 

Shoot 

Coupon 

f  Fighter  > 

4  Maneuver 

v  .064  ) 

Ground 

-.035 

0-A-G 

.014  J 

29 

11000 

(Avg^ 

.GG?i 

.0103 

.0121 

.0098 

.0135 

ToioS* 

*  Geometric  Mean  of  Test  Llf# 
ASD  TR  6l  —  Ujk  3S2 


TABLE  73 


EXPERIMENTAL  FATIGUE  LIVES  FOR  COMPOSITE  GUST  LC  »PING  SPECTRA 

7075-T6  ALUiilNUM  ALIOX 
Lo-Hi  Loading  Sequence 


Test  Specimen  Typo  of  No.  of  Block  Tost 

Group  No.  Spec  i  men  K*  S^an  Loading.  SUa  LUa 

Bo-  ■  St^’  (10^  cycles) 

l»75  Not 

t*0O  Sho 

OGQL  1*81  Cou 

1*85 

1*8? 

ched 

ot 

pon  1*  i 

’Gust  ' 
.071 
Ground 
-.035 

G-A-Q 

L.018  J 

1.092 

.571 

26  21200  1.21*2 

f  .75U 

1.60h 

■^T  * 

U7Q 

1*79 

CG2  1*82 

1*81* 

1*86 

7  • 

'Gust 

.071 

Ground 

-.035 

.018 

.131* 

.133 

k  21  1900  .003 

.110 

.107  * 

*  467 

2*70 

OG3  l»72 

U73 

1i7U 

*  « 

'Gust 

.1 u 

Ground 

-.035 

G-A-0 
[.053  j 

.11*5 

.191 

l  28  3300  .117 

f  .118 

.151 
TiEZ  * 

509 

• 

5io 

Guut 

5ii 

.11*1 

512 

h  4 

Ground 

513 

1 

-.035 

5U*  Notclved 

G-A-G 

517  Shoot 

1*053  J 

518  Coupon 

28  10100 


.200 

.259 

.333 

.221 

.276 

.26? 

.177 


*  Geometric  mean  of  tout  data 


TABLE  7li 

LOW  PEAK  RANDOM  GUST  LOADING  HISTORIES 

(:ean  crossing  peak  counts) 

Jwan  *  f » P»* 

Kj  -  4.0 

Teat  Group  No.  G66 


Varying 

Cumulative  Vrecpieney  of  Load  Cycle  Occurrences  | 

S trees 
(pfli) 

Specimen 

No  .305 

Specimen 

No. 318 

Specimen 

No. 36a 

Specimen 

No, 393 

0 

1,452,900 

1,935,750 

1,470,300 

1,792,20 0 

1,190 

827,300 

1,102,600 

837,050 

1,020,600 

2,580 

380,300 

507,050 

384,750 

469,100 

5,560 

135,3^0 

180,500 

136,990 

166,960 

4,750 

37,H3 

49,490 

37,539 

45,774 

5,950 

8,952 

11,939 

9,057 

11,043 

7,120 

2,382.7 

3,181.5 

2,411.3 

.  2,933.6 

7,720 

1,326.0 

1,811.2 

1,371-7 

1,672.6 

8,510 

859.5 

1,148.4 

869.1 

1,060.0 

8,900 

527.7 

705.3 

534.3 

650.8 

9,500 

344.1 

460.5 

348.7 

424.3 

10,000 

239.9 

321.5 

243.3 

295.6 

10,700 

91.1 

122.4 

95.1 

112.3 

li,6oo 

60.2 

00.7 

61.7 

74.0 

11,900 

22.6 

30.5 

25.T 

27.6 

12,050 

21.0 

28.6 

22.0 

25.6 

12,500 

10.2 

13.2 

10.2 

11.5 

13,100 

7.7 

10.0 

7.7 

8.7 

14,000 

2.0 

3.0 

2.0 

2.0 

ASD  TK  61  -  U31, 
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TABLE  75 

LOW  PEAK  ORDERED  GUST  LOADING  HISTORIES 


Stress  Interval  - 
Unit  Spectrum  ■ 

^moan  E 

■h 


<*,000  psl 

1/20  avg.  random  teat  history 

6,000  psl 

4.0 


a! 
o  1 

Etj 

j 

Group  So. 

067 

Varying 

Cumulative  Frequency  of  load 

Cycle  Occurrences 

Stress 

Specimen 

Specimen 

Specimen 

Specimen 

Specimen 

(psi) 

Ho.  >64 

No.  365 

No.  >60 

No.  370 

Mo.  377 

2,100 

1,593,065  . 

457,862 

2,103,148 

2,045 .683 

1,029,604 

6,100 

31,005 

10,202 

48,008 

46,000 

23,404 

10,000 

500 

189 

■033 

ess 

433 

14,000 

5 

2 

8 

3 

4 

Ho.  of 
Hlocks 

53.61 

17'.6l 

00. 89 

~78~68 

39.60 

TABLE  76 

LOW  PEAK  ORDERED  GOST  LOADING  HISTORIES 

Stress  Interval  »  1,000  prf. 

Unit  Speetrua  •  1/20  avg.  randota  t  ast  Ufa 
rmea»  *  6,000  pal 

■  4.0 


, — _  .  Test  Group  No.  C69 

varying 

Strops 

(poi) 

Sf“S  Specimen  '  Spac'iaiii  "  'Specimen  ~^Tcinen‘ 
No.  372  No.  376  No.38l  No,385  No.394 

#0 

14,918,201 

3,177,81:0 

4,l3y,201 

3,777,001 

5,070,000 

1,600 

2,863,201 

1,852,81:0 

2,1:39,201 

2,202,001 

2,91:5,000 

2,600 

l,!4?ii,201 

951,81:0 

1,249,201 

1,131,001 

1,512,000 

1,620 

6514,201 

1:21,81:0 

552,001 

501,001 

6/2,000 

4,580 

223,701 

143,590 

189,751 

170,501 

231,000 

5,520 

72,901 

1:6,800 

62,101 

55,801 

75,600 

6,520 

21,1466 

13,780 

19,285 

16,431 

22,260 

7,500 

8,101 

5,200 

6,901 

6,201 

8,1:00 

8,520 

3,21a 

2,030 

2,761 

2,481 

3,360 

9,520 

1,378 

884 

1,174 

1,055 

1,1:20 

10,500 

563 

361: 

m 

435 

500 

n,5oo 

203 

130 

173 

156 

210 

12,1:80 

81 

52 

69 

63 

Hi,  000 

20 

13 

17 

16 

21 

No.  of 
Blocks 

01.97 

52.96 

69.82 

62.95 

84.50 

ASD  TU  6l  -  J,3U  355 
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LCW  FEAR  ORDERED  GUST  LOADING  HISTORIES 
Street  Interval  **  1,000  pal 

Onlt  Spectrum  «■  1/10  avR.  random  teat  hiotory 

Sr  '  -'  ^rpal 

T*?t  Group  No.  G6? 


Varying 

Stress 

(pal) 

Cumulative  Frequency  of  Load  C/_cle  Occ\ir rencfts 
Specimen  Specimen  Specimen  Specimen  Specimen 

No. 378  NO .387  No. 368  No. 391  No. 392 

510 

14,552,819 

5,385,622 

5,390,122 

10,056,01)2  5,8714,021* 

1,620 

2,652,019 

3,135,622 

3,11iO,li2? 

5,856,01*2 

3,l)2l),021) 

2,590 

1,360,819 

1,605,622 

1,610,122 

3,000,01)2  1,758,021* 

3,51*0 

600,619 

705, 022 

710,122 

l,3?8,0l)2 

778,021* 

!i*5h0 

203,519 

21*2,022 

21*2,022 

1)56,51)2 

261*,  021* 

5,5^0 

66,619 

79,222 

79,222 

11)9,1*1)2 

86,1)21) 

6,530 

19*629 

23,3li2 

23,31*2 

1)1*,032 

25,1*61) 

7,5140 

7,141? 

- 

8,822 

8,822 

16,61)2 

9,621) 

0,600 

2,979 

3,51*2 

3,51i2 

6,682 

3,861) 

9,660 

1,277 

1,518 

1,518 

2,861* 

1,656 

10,li20 

537 

638 

638 

1,201: 

696 

11,000 

201* 

21*2 

21*2 

1*57 

261* 

12,000 

56 

66 

66 

125 

72 

1/4,000 

19 

22 

22 

1)2 

21* 

No.  of 

Hlocks 

L_.  .  _ 

37.9U 

l4l».e8 

1*1*. 92 

83.00 

1*8.95 

/ 

s 

** 

*/• 

i-*i 

u. 

■5 

* 

i 

«► 
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TABLE  70 

LOW  PEAK  RANDOM  GUST  LOADING  HISTORIES 
(WEAN  CROSSING  PEAK  COUNTS) 

*  mean  "  6,000  P*f 


Varying 

Stress 

(pel) 

Cumulative  Pre<junney  of 
Specimen  Specimen  Specimen- 
Ko.299  No. 300  No.301 

Load  Cycl* 
Specimen 
No. 302 

Occurrences 

Specimen  Specimen 
No. 303  Ho. 304 

0 

252,300 

169,650 

239,250 

200,100 

326,250 

213,150 

1,190 

1*3,700 

97,050 

136,500 

114,100 

105,900 

121,600 

2,330 

65,900 

44,000 

62,700 

52,450 

85,500 

56,000 

3,560 

25,48o 

15,980 

22,560 

18,630 

30,460 

19.940 

4,750 

6,437 

4,44o 

6,157 

5,142 

8,349 

5,507 

5,950 

1,552 

1,079.5 

1,480 

1,246 

2,018.5 

1,338 

7,120 

>»11.6 

286.0 

397.3 

320.3 

538.6 

354.3 

7,720 

23*  .H 

I63.6 

227.2 

10;  *b 

306.2 

202.0 

8,310 

148.5 

103.5 

144.1 

118.9 

193.7 

127.7 

8,900 

90.9 

62.7 

88.3 

72.3 

U9.2 

77.6 

9,500 

60.0 

40.8 

58.4 

47.5 

77.4 

50.6 

K>,<X>0 

41.8 

28.4 

40.6 

33.; 

53.7 

35.3 

10,700 

16.1 

11.3 

16.1 

13.6 

19-7 

13.6 

11,600 

10.6 

7.3 

10.6 

9.0 

12,9 

9.0 

11,900 

•  3.9 

1.1 

5.9 

2.6 

5.0 

2.6 

12,050 

3.6 

1.0 

3.6 

2.5 

4.6 

2.5 

12,500 

1.4 

1.4 

1.3 

1.4 

1.3 

13,100 

1.0 

1.0 

1.0 

1.0 

1.0 

v-r 
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TABLE  79 

LOW  PEAK  ORDERED  GUST  LOADING  HISTORIES 

Stress  Interval  z  1,(700  psl 

Unit  Spoctrum  *  1/20  avg.  random  teat  history 

*mean  a  P81 

4  ■  7.0 


To at  Group  No.  071 


Varying 

Stress 

(psi) 

Cumulative frequency  of  Load 
Specimen  Specimen  Specimen 

N0.3I48  No. 350  No. 351 

Cycle  Occurrences 
Specimen  Specimen 
No. 355  No. 356 

550 

211,Uil 

28?, 080 

305,371 

253,531 

228,2142 

1,520 

10U,U21 

U45,2Qo 

153,731 

127,121 

113,502 

2,370 

55,201 

76,800 

80,971 

67,201 

60,002 

3,260 

25,301 

35,200 

36,771 

30,(301 

27,502 

Ji,190 

a  ,m 

12,1480 

12,871 

10,921 

9,752 

5,160 

2,991 

li,l60 

h,291 

3,6141 

3,252 

6,170 

921 

1,280 

1,321 

1,121 

1,002 

7,190 

300 

I4I6 

U30 

365 

327 

8,230 

139 

192 

199 

169 

152 

9,260 

58 

80 

83 

71 

6I4 

10,380 

23 

32 

33 

29 

26 

11,1460 

7 

9 

10 

9 

8 

13,100 

2 

3 

3 

3 

3 

No.  of 
Blocks 

23.U6 

32.12 

33.93 

28.17 

25.36 

Speetrua 

Unit* 

Varying 

Stress 

(pai) 


Ho.  of 
Slocks 


ri.-.rrr1 
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TABLE  81 

[  PEAK  ORDERED  OUST  LOAD  OKI  HISTORIES 
'■s  Interval  -  1,000  pal 

;  Spectrum  -  l/20  ovg.  rand  ca  test  history 
-  12,000  pai 


Test  uroun  no.  urj 

Cumulative  Frequency  of  load  Cycle  Occurrences 

Specimen 
Ho. 326 

Speciman 

Ho.331 

Specimen 
Ho. 332 

Specimen 

Ho.334 

30k, 232 

144,578 

152,718 

180,145 

28,000 

13,126 

14,001 

17,500 

1,056 

496 

529 

660 

96 

46 

Up 

60 

3 

2 

2 

2 

32.09 

15.63 

16.51 

20.34 

Cumulative  Frequency  of 
Specimen  “  Specimen 
Ho. 336  Ho. 337 

Load  Cycle  OceurrrnceB 
”  Specimen  'specimen 

Ho. 339  Ho.340 

305,713 

207,478 

497,650 

353,350 

29,975 

19,250 

46,375 

33,250 

1,009 

726 

1,749 

1,254 

99 

66 

159 

114 

3 

2 

5 

4 

33.05  22.fc3  53.90  39.20 

33-05 


53  .Qo 


39.20 


TABLE  82 


Hire  PEAK  ORDERED  OUST  LOADING  HISTORIES 


Stress  Interval 
Unit  Spectrum 

fmean 

h 


1,000 

1/20  avg.  ranGoa  teat  history 

12,000  psl 

4.0 


Test  Q  y  No.  G?U 


Varying 

Cumulative  Frequency  of  Load 

Cycle  Occurrences 

Stress 

Specimen 

Specimen 

Specimen 

Specimen 

'Specimen 

(psl) 

No.313 

Ho.  320 

Ho. 328 

No.335 

Ho. 341 

480 

414,882 

470,401 

813,600 

441,281 

928,161 

1,320 

£84,882 

320,401 

558,600 

301,281 

638,001 

2,220 

193,882 

217,501 

380,100 

203,281 

435,001 

3,100 

108,082 

121,801 

211,800 

113,401 

243,601 

4,020  * 

59,982 

68,151 

117,500 

63,451 

136,301 

4,960 

30,082 

34,801 

60,000 

3?,4oo 

69,601 

5,900 

15,002 

17,401 

30,000 

16,201 

34,801 

6,650 

6,002 

6,961 

12,000 

6,481 

13,921 

7,866 

2,627 

.  3,046 

5,250 

2,836 

6,091 

8,860 

1,127 

1,306 

2,250 

1,216 

2,611 

10,100 

552 

639 

1,100 

595 

1,277 

ll,38o 

302 

349 

600 

325 

697 

12,350 

177 

£04 

350 

190 

407 

13,300 

102 

117 

200 

109 

233 

14,350 

52 

59 

10Q 

55 

117 

15,400 

27 

30 

50 

28 

59 

16,550 

14 

15 

25 

14 

30 

17,620 

6 

6 

10 

6 

12 

18,300 

3 

3 

5 

3 

6 

So.  of 
KLockft 

25.93  * 

29.40 

50.85 

27.58 

58.01 

i 
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TABLE  83 

HIGH  PEAK  ORDERED  GUST  LOADING  HISTORIES 


Stress  Interval 
Unit  Spnctrun 

“T 


1,000 

1/10  avg,  random  teat  Ulster? 
12,000 
I4.O 


Teat_  Orou£  No»  075 


Varying 

Cumulative  Frequency  of  Load  Cycle  Occurrences 

Stress 

(P>1) 

"  Specimen 
Ho. 307 

Specimen 
No. 308 

Specimen 
No, 309 

Specimen 
No.  310 

Specimen 
No, 312 

750 

319,OliO 

208,960 

286,000 

22U,319 

256,961 

1,930 

219, OLO 

198,000 

198,000 

153,999 

176,001 

2,900 

119, ObO 

135,000 

135,000 

lOli,  999 

120,001 

3,920 

83,010 

75,600 

75,600 

50,799 

67,201 

It, 900 

i*6,oltO 

142,300 

82,300 

32,899 

37,601 

5,830 

23,OhO 

21,600 

21,600 

16,79? 

19,201 

6,850 

U,ohO 

10,800 

10,800 

8,399 

9,601 

7,880 

li,320 

14,320 

14,320 

3,359 

3,  Chi 

8,950 

1,890 

1,890 

1,690 

1,1469 

1,681 

10,000 

610 

810 

810 

629 

721 

11,050 

396 

396 

396 

307 

353 

12(n50 

216 

;?16  . 

216 

167. 

193 

13,050 

126 

126 

126 

97 

113 

13,700 

72 

72 

72 

55 

65 

llt,li5o 

36 

36 

36 

27 

33 

15,500 

18 

18 

18 

13 

17 

16,150 

9 

9 

9 

6 

9 

17,500 

It 

It 

It 

2 

It 

18,300 

2 

2 

2 

1 

2 

Ho.  of 

K1  o«lc§ 

9.97 

9.03 

9.00 

7.01 

8.03 
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TABLE  81* 


HIQ1  PEAK  RANDOM  GUST  LOADING  HISTORIES 
(MEAN  CKOSSITO5  PEAK  COURTS) 


moan 


“t 


12,000  pai 
7.0 


Test  Group  No.  Q?6 


Vaiying 

Stress 

(f*> 

Cumulative  Frequency  of  Load  Cycle  Occurrences 
SpccTEon- 'Specimen  “Specimen  Spocimen  Specimen  Specimen 
No. 271;  No. 280  No.281  No,252  No. 293  No.281* 

0 

56,55o 

95,700 

56,550 

39,1.56 

52,200. 

52,20C 

1,670 

32,1*00 

5li,?oo 

32,1*00 

22,600 

2?, 800 

29,800 

3,330 

15,000 

25,100 

15,000 

10,600 

13,700 

33,700 

5,ooo 

5,360 

9,000 

5,360 

. 3,880 

ii,860 

I*,86o 

6,670 

1,501* 

2,li79 

i,5olt 

1,092 

1,351* 

1,351* 

8,330 

369 

606 

369 

267.5 

329  • 

329 

10,000 

99.1 

159.1 

99.1 

70.8 

86.6 

86.6 

10,830 

56.8 

88.9 

56.8 

'1*0.5 

1*9.6 

1*9.6 

11,660 

35.6 

55.5 

35.6 

25.8 

31.2 

31.2 

12,500 

21.1 

33.5 

21.1 

15.8 

18.!* 

18.1* 

13,330 

13.5 

21.5 

13.5 

10.3 

11.9 

11.9 

111,  000 

9.2 

Hi. 7 

9.2 

7.2 

8.2 

8.2 

lli,960 

3.1 

5.0 

3.1 

3.1 

3.1 

3.1 

16,190 

2.0 

3.3 

2.0 

?.o 

2.0 

2.0 

16,620 

1.0 
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TABLE  98 

QUEERED  MILITARY  MANEUVER  LOADING  HISTORIES 

Stress  Interval  ■  4,000  pal 

Unit  Spectrum  ■  1/20  avg.  random  tost  history 

Minimum  Streas  *  5,450  pal 


ly  ■  4.0 

_ Test  Cro'ip  No.  MIS 


Incremental 

Streas 

(pel) 

_ Cumulative  Frequency  of  Load  Cycle  Occurrences 

Specimen  Spnciuetf  Specimen  Specimen  lipeciroen 

No.399  No.liOO  No.401  No.404  No.406 

1,680 

12,900 

12,698 

9,676 

19,345 

15,001 

5,180 

8,700 

8,698 

6,526 

13,045 

10,101 

9,25a 

5,880 

5,878 

4,1*11 

8,815 

6,811 

13,550 

3,780 

3,778 

2,836 

5,665 

4,361 

17,800 

2,280 

2,278 

1,711 

3,415 

2,611 

22,100 

1,260 

1,258 

946 

1,885 

1,421 

26,300 

588 

586 

442 

877 

637 

30,700 

21*0 

238 

181 

355 

260 

3U,0oo 

84 

82 

64 

121 

91 

.  38,450 

24 

22 

19 

'  34 

26 

42,000 

3 

3 

3 

5 

4 

No,  of 

Blocks 

12.00 

11.99 

9.00 

17.99 

13.95 

. . mi 

ASD  TR  6l  -  434 


373 


TABLE  8? 

ORDERED  MILITARY  MANEUVER  LOADING  HISTORIES 


Stress  Interval  *  1,000  pal 

Unit  Spectrum  **  l/20  avg.  random  test  history 

Jttntraum  Stress  •»  5,4J 0  psl 

1L.  -  4.0 

_ _ * _ Til  5.t.  Jvr.onp..  fla..  J&6 _ 

Incremental  Cumulative  Frequency  of  Load  Cycle  Occurrences 
Stress  Specimen  Specimen  Specimen  Specimen 

(psi)  No. 4 10  No. 4 11  NOS.41J&414  No.4l5 


l 

17 

11 

15 

a 

14 

a 

15 

►l 

11 

•i 

10 

l 

9 

>i 

8 

i 

7 

1 

7 

u 

6 

l 

5 

a 

5 

i 

4 

n 

5 

n 

3 

5 

3 

1 

2 
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TABLE  90 


RANDOM  CROUND  LOADING  HISTORIES 
(MEAN  CROSSING  PEAK  COUNTS) 
f  »  -3,000  ual 

%6an  -  T.o  " 


Test  Group  No,  T1 


Varying 

Cumulative  Frequency  of  Load  Cycle 

Occurrences  I 

Stress 

(psl) 

Specimen 
No. 416 

Specimen 
No. 417 

Specimen 
No. 4 18 

Specimen 
No. 419 

Specimen 
No. 422 

Specimen 

No .423 

0 

783,000 

500,250 

552,450 

578,550 

495,900 

448,050 

950 

452,400 

289,000 

319,300 

334,200 

286,250 

258,700 

1,920 

200,250 

133,000 

146,850 

153,800 

131,550 

119,050 

2,850 

75,600 

47,040 

51,950 

54,400 

46,450 

42,150 

3,000 

20,050 

12,846 

l4,l68 

l4,8l8 

12,656 

11,460 

4,750 

4,843 

3,107.5 

3,404 

3,533 

3,057.5 

2,770 

5,700 

1,287 

827.9 

911.2 

953.7 

813-9 

738.5 

6,i8o 

715.9 

461.0 

507.3 

530.4 

453.4 

410.9 

6,650 

458.9 

295.6 

325.1 

339.4 

'  290.1 

2o2.9 

7,130 

206.2 

184.3 

202.6 

211.6 

180.3 

164.3 

7,6oo 

187.4 

120.4 

133-2 

138.0 

117.6 

10T.2 

8,000 

129.4 

83.0 

91.8 

94.8 

80.9 

73.7 

0,550 

48.8 

31.1 

34.6 

34.6 

29.8 

26.6 

9,250 

32.8 

20.8 

23.1 

23.1 

19 .3 

17.8 

9,500 

11.0 

6.7 

7.8 

7.8 

6.7 

6-7 

9,620 

10.2 

6.2 

7.2 

7.2 

6.2 

6.2 

9,980 

4.4 

2.7 

2.7 

2.T 

2.7 

2.7 

10,1*50 

3.4 

2.0 

2.0 

2.0 

2.0 

2.0 

11,150 

1 

1.0 

550 

1.580 

2.580 
5,580 

i  a,6io 
5,700 

6.780 
7,5>10 

8.780 
9,U80 

10,500 


TABLE  91 

ORDERED  (ROUND  LOADING  HISTORIES 


S trass  Interval 
Unit  Spectrum 

ftr.can 

*T 


1,000  psi 

,  randoa  teat  history 
-3,000  pal  * 
7.0 


Test  Group  No.  J2 

_ —  Freq uaa^oFlo'ad 'QrSu* Occurrences - 

77?jUa  737,757  1,010,005  1,263,551  900,00?  1,309,322 

396,003  360,257  516,585  633,851  359,009  663,922 

133,003  136,007  187,585  235,851  165,009  231,192 

31.303  39,107  53,635  67,701  37,159  69.012 


1’ 


TABLE  92 

ORDERED  COMPOSITE  LOADING  HISTORIES 

(Spectra  Baaed  on  Testa  Having  Approx.  11  Random  Gust  Loadings  per  Flight) 

lcw  m  r  cost  loadings  nr  flight 


Varying 

Strena 

_ i$*lL 


580 

1,660 

2,7*> 
3,SM 
4,8;  0 

5,eeo 

6,920 

7,350 

0,700 

9,650 

10,680 

11,620 

13,000 


Stress  Interval  •  1,000  pal 
tftitt  Spectrum  *  1^20  svcroge 

«  4.0 

_ Tost  Group.  _No._ 

Cumulative  Frequcntyof  Load 

Specimen  Specimen  Specimen 

_No_,  Vftj _ No.  480 _ Sc.  461 _ 

Cuat  load r  nrs 
*inaaa  "  6,000  pet 


random  teat  history 

m _ . _ _ _ 

Cyc 1 e  s_  Oc  currences _ 

Spec 1  men  Spec 1 men 

Mp.  485 _ No.  487 


674.501 

388.501 

180.501 

76,501 
28,051 

8,161 

2,296 

919 

408 

205 

82 

31 

10 


351,000 

209,500 

94.500 

40.500 
14,850 

4,320 

1,215 

486 

216 

108 

43 

16 

5 


Ground 

li.n.n 


766,987 

442,487 

?c€,487 

88,487 

3?,437 

9,427 

2,647 

1,054 

464 

232 

93 

35 

12 

Loadings 


467.505 

269.505 

125.505 

53,505 
19,305 

5,600 

1,575 

630 

280 

140 

56 

21 

7 


4,900 

Ho,”  of 
Blocks 


357,001 

189,000 

4o6,?3? 

245,000 

204,001 

108,000 

232,232 

iko.ooo 

96,901 

51,300 

110,43? 

66,500 

40,801 

21,600 

46,632 

28,000 

15,301 

8,100 

17,63? 

10,500- 

4,591 

2,430 

5,452 

3,150 

1,276 

675 

1,682 

875 

5U 

270 

81? 

350 

205 

IPS 

464 

l4c 

103 

54 

ll6 

70 

52 

27 

5fl 

35 

21 

11 

23 

l4 

Ground 

to  Air  Cycles 

fmaan 

«  1,500  psi 

60,436 

31,249 

68,788 

41,510 

51.54 

26.96 

58.62 

35.59 

1,040,000 
600,000 
280,000 
.  120,000 
44,000 
12,800 
3,600 
1,440 
640 
320 
128 
48 
16 


560,000 

320,000 

152,000 

64,000 

24,000 

7,200 

2,000 

800 

320 

160 

80 

32 


94,287 


79.97 
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TABIE 


(Spectra  La  sod 


ORDERED  COMPOSITE  LOAD I MG  HISTORIES 
on  Tests  having  approx.  12  Random  Gust  Loadings  per  Flight) 

jCV_PEAK_jG!IS-|;  LQ/iDl?tt3.  IN  PLTQH^ 


Varying 

Stress 

(psi) 


650 

1,300 

2,730 

3,70Q 

4,650 

5.550 
6,600 
7,950 
3,900 

9.550 

11,000 


650 

1,600 

2,500 

3.300 

4.750 
5,720 

6.750 

7.300 
6,650 


Streas 
Uwlt. 


Interval  »  1,000  psi 

k  ,;:'iCtrum  ~  V20  avg.  random  tent  history 
*  Test  Group  No.  CG2 


Wo,  473 


84,652 

43,442 

25,367 

9,747 

3,447 

1,067 

227 

105 

43 

13 

4 


Specimen 
No.,  479 


Specimen 
No.  462 


Specimen 
No.  464 


Specimen 
No.  466 


Qunt  Loadippa 
*mean  -  6,000  poi 


67,130 

49,950 

26,225 

10,165 

3,595 

MU 

237 

107 

43 

18 

4 


52,445 

30,005 

15,705 

6,025 

2,155 

693 

177 

61 

26 

11 

2 


69,305 
39,725 
20, 375 
3,115 
2,895 
923 
227 
82 
35 
15 
3 


52,575 

33,135 

15,835 

6,155 

2,195 

699 

177 

61 

27 

11 

2 


Ground 

load! nr a 

*mban  : 

•  -3,000  p.»i 

42,002 

21,702 

8,402 

2,522 

43,201 

22,321 

8,641 

2,593 

25,811 

13,341 

5,171 

1,559 

34,765 
17,945 
6,925  . 
2,053 

26,395 

13,635 

5,275 

1,585 

492 

505 

312 

400 

309 

121 

123 

74 

93 

76 

40 

40 

24 

32 

2ri 

15 

M 

15 

9 

12 

9 

-  2 


Ground  to  Air  Cycles 

fjnean  r-  1,500  po'i 

7,433 


4,650 


7,230 


4,472 


5,923 


4,545 


TABLE  JU 


ORDERED  COMPOSITE  LOADING  HISTORIES 

(Spectra  Baaed  on  Tents  having  approx.  13  RandoGi  Gust  Loadings  per  Flight) 

HIGH  PEAK  GUST  LOADINGS  IN  FLIGHf 

Tost  Oroup  No.  C03 
-  Stress  Interval  =  1,000  pal 

Unit  Spectrum  =  1/20  avg.  random  teat  history 


Stro33 


Spool)  fi^n 


Be 


nurrmice 


91,835 

f 

mean 
120, 914 

“  12,000  psi 

74,142 

75,449 

95,632 

65,435 

86, 114 

52,542 

53,849 

68,032 

43,435 

57,114 

35,002 

35,849 

45,032 

24,735 

32,776 

20,127 

20,549 

25,375 

'  13,545 

17,956 

11,027 

11,137 

5,427 

14,176 

6,665 

8,836 

5,427 

6,976 

3,010 

3,991 

2,452 

2,452 

3,151 

1,247 

1,654 

1,017 

1,017 

1,306 

516 

685 

422 

422 

541 

253 

343 

212 

212 

271 

129 

172 

107 

107 

136 

69 

92 

58 

53 

73 

39 

52 

33 

33 

41 

22 

29 

18 

18 

23 

13 

13 

11 

11 

14 

6 

9 

6 

6 

7 

2 

3 

2 

2 

2 

620 
1,680 
2,600 
3,650 
A,  600 
5,500 
6,450 
7,420 


44,720 

20,640 

3,170 

2,365 

430 

129 

43 

15 

4 

2 


7,955 


*muan 

-  -3,000  pal 

59,231 

36,401 

36,401 

46,800 

27,361 

16,801 

16,801 

21,600 

10,331 

6,651 

6,651 

8,550 

3,136 

1,926 

1,926 

2,475 

571 

351 

351 

450 

172 

106 

106 

135 

58 

36 

36 

45 

20 

6 

13 

4 

13 

L 

15 

L 

Ground  to  Air  Cycles 

fRiean  ”  4'500  Pai 
10,545  6,475 


8,325 


43.56 


57.04 


35.28 


6,475 

35.67 


45.44 


TABLE  96 

RANDOM  COMPOSITE  LOADING  HISTORIES 


MILITARY  MANEUVER  LOADINGS  IM  FLIGHT 

it-  U.o 

Teat  Group  No.  CIO. 


Dynamic  Cumulative  Frequency  of  Load  Cycle  Occurrences 

Stress  Specimen  Specimen  Specimen  Soecimen  Specimen 

(psi)  No.  1*88  Ho.  1*8?  No.  1*90  No.  1*9?  No.  500 


(Incre-  Military  Maneuver  Loadings 

mental)  Minimum  Stress-  5,1*50  psi 


0 

7.236 

8,126 

9.5U9 

7,711 

10,676 

2,81*0 

5,671* 

6,371 

7.1*88 

6,01*6 

8,371 

5.680  . 

l*,l*2l* 

U.968 

$.838 

U.71I* 

6,527 

11,1*00 

2,566 

2,881 

3,386 

2.731* 

3,785 

17,000 

1.250 

l.LOl* 

1,61*9 

1,332 

1,01*1* 

22,700  • 

502 

-563 

662 

531* 

7l*D 

28,1*00 

ii*a 

166 

195 

158 

216 

31,200 

31*. 000 

73 

88  ■ 

lot* 

81*.l 

116 

36.2 

1*0.6 

1*7.7 

30.6 

53.1* 

3?, 700 

6.58 

7.3? 

8.G8 

7.01 

9.71 

1*1,200 

3-29 

3.6? 

l*.3l| 

3.50 

It.  85 

1*2,000 

1.61* 

1.85 

2.17 

1.75 

2.1)3 

(Varying) 

Ground  Loadings 
*mean  "”3,000  psi 

0 

1,682 

1,888 

2,216 

1,793 

2,1*78 

95  0 

971 

1.090 

1,280 

1.036 

1,1*31 

1.920 

1*1*6 

501 

588 

1*76 

658 

2,050 

153 

177 

208 

168 

2  33 

3,800 

1*3.0 

1*3,2 

56.6 

1*5.8 

63.3 

U.750 

10.1* 

11.6 

13,7 

11.1 

15.3 

5,700 

2.75 

3.09 

3.63 

2.91* 

l*.o6 

6,180 

1.53 

1.72 

2.02 

1.63 

2.26 

6,650 

0.982 

1.10 

1.29 

1.05 

1.1*5 

7,130. 

0.61 

0.69 

0.81 

0.65 

0.90 

7,600 

0.1*1 

0.1*5 

0.53 

0.1*3 

0.5? 

8,000 

0.28 

0.31 

0.36 

0.29 

0.1*1 

8,550 

0.10 

0.12 

0.11* 

0.11 

0.15 

9,250 

0.070 

0.078 

0.092 

0.071* 

0.10 

9,500 

0.0?1* 

0.026 

0.031 

0.025 

0.035 

9,620 

0.022 

0.021* 

0.029 

0.023 

0.032 

9,900 

0.C03 

0.009 

0.011 

0,009 

0.012 

io,b5o 

0.006 

0.007 

0.008 

0.006 

0.009 

Ground-Air-Ground  Loading 

f  -  1,225  psi 

moan  ’  1 


Specimen  Kj  ■  ^.0 


Cumulative  Freouencv  of  Occurrence  (Cycles) 
re  lhS  Fandom  Low  Peak  Gust  Loading  Test  Data 


Loading  Test  Data 


Cumulative  Frequency  o*  Occurrence  (Cycle* ) 
ire  1L7  ‘Ordered  Low  Peak  Oust  Loading  Test  Date 


Lgure  UUB  Ordered  Low  Peak  Gust  Loading  Test  Data 


Test  Group  Ho.  G72 


Occurrence  (Cycles) 
Loading  Test  Data 


Figure  152  Ordered  High  Peaic  Gust  Loading  Test  Data 


Test  Group  No.  G7L 


Fleur*  1>3  Ordered  .-ii£h  Peak  Gust  Loading  Test  Data 


I 


Test  Croup  lio,  C76 
Sjeciaea  JU  «  7.1 


Figure  155  Random  High  Peak  Gust  Loading  Test  Data 


Teat  Group  No.  G?7 


Oust  Loading  Test  Data 


Mean  Stress  •  12,000  ps 


Cusulative  Fr*qi*ncy  of  Occurrence  (Cycles) 
figure  157  Wing  Soot  Handom  Loading  Test  Date  (teen  Crossing  Peak  Count) 


Mean  Stress  m  12 ,000  pst 


.tive  Frequency  of  Occurrence 


Specimen  K.y  ■  W.O 


ASI)  TO  6l  -  h3k 


CuEul&tlve  Frequency  of  Occurrence  ICy'de*  t 
Ordered  Composite  Loading  Date  (High  Peak  Oust  Loadings  in  Flight) 


APPENDIX  D 


PART  ?  -  FATIGtlK  TEHT  RESULTS  OF  A  COMPLEX  SPF.GIUKR 

Introduction 

Til  order  to  compare  the  fatigue  life  results  derived  from  simplo  coupon 
data  described  in  other  sections  of  this  report,  it  was  planned  to  fatigue 
test  fifteen  typical  complex  joint  specimens  representative  of  contemporary 
aircraft  construction.  The  joint  selected  is  illustrated  in  Figure  el. 

The  test  spectra  to  be  applied  were  representative  of  two  types  of  loading, 
grist  and  maneuver,  and  a  comnosita  sot  in  which  ground  taxi  loads  and 
grourx!-aij*“ground  loading  cycles  defined  by  a  static  moan  ground  to  a 
static  mean  flight  range  wore  combined  with  gust  loads  in  flight  on  one 
group  of  specimen.!,  and  with  maneuver  loads  in  flight  in  another  group 
of  specimens.  The  test  equipment  and  specimen  description,  along  with 
the  experimental  results  in  tabular,  graphical,  and  photographic  form, 
ara  praoonted  in  this  appendix. 

Tii a  Specimen 

Tho  epecimon  is  constructed  of  two  basically- identical  panel  sootions  of  " 
integrally  stiffened skin  typical  of  current  wing  tension  nurl'aoci  design. 

The  two  panels  are  joined  by  a  double  shear  butt  aplica  arrangement,  with 
one  splico  plate  recessed  for  flush  outer  contour,  end  tho  other  splice 
plate  containing  an  integral  flange  for  a  rib  support  connoction.  The 
material  ia  aluminum  alloy  extrusion  7075-T6  of  Specif ication  QtJ— A -277 » 
I'echanlcal  properties  determined  from  tensile  coupons  of  tho  specimen 
material  are  listed  in  Table  9”  ,  which  indicates  w.atisfaotory  agreement 
with  the  specif ication  require.?, ants.  The  panels  ara  assembled  with  12 
ITi-Lok  faatonora  of  ono  quarter  inch  disnetor  us  indicated,  in  Figure  4l . 

Test  Sot-up 

Each  of  the  panel  assemblies  was  installed  in  a  Lockheed-designed  ^00, 000- 
pound  fatigue  testing  machine  as  shewn  in  Figure  h3  .  To  facilitate  the 
fatlguo  testing,  and  since  it  v/as  desired  to  have  thooo  oanols  tested  In 
groups  of  throe’s,  the  tandem  arrangon.nnt  vrn3  adopted.  In  practice,  tho 
first  of  two  3uch  panels  to  fail  was  replaced  by  a  third  tost  panolj 
howevor,  tho  second  panel  to  fail  was  replaced  simnly  by  a  dujnmy  panel 
in  ordor  that  tho  testing  might  bo  continued  without  disturbing  the  adjust¬ 
ment  of  tho  to3t  machine. 

Figure  Ul  presents  a  schematic  diagram  of  tho  tent  machine  which  is  partially 
shown  In  Figure  Thin  machine,  which  was  designed  and  built  particularly 

for  the  ordered  spectrum  testing  of  wing  surface  structure,  is  a  fairly 
conventional  Innrtla-dri vn  resonance*  machine  utilising  Inertia  reaction  and 
incorporating  a  spring-coupled  hydraulic  static  loading  syatom.  It  is 
noiiually  operated  subresonanco  rrith  amplification  factors  of  loss  than  £0. 
Dynamic  load  control  when  running  is  provided  by  test  frequency  adjustment, 
and  the  driving  eccentric  weight  is  manually  .adjustable  over  a  range  of 
more  than  20  to  1  to  provide  additional  sot-up  control. 
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For  tho  jiubject  tost  program  an  auxiliary.,  more  sensitive,  load-nnasnriiig 
transducer  was  bolted  to  the  face  of  th*  oemanently  installed  ;,no,OCG~ 
pound  transducer  in  aeries  with  the  two  test  panels  (Figure  •1*3).  This 
load  transducer  consisted  naiuly  oi’  an  T-soction  upon  which  were  mounted 
V>  electrical  strain  gages  rtvanged  to  measure  axial  loads  up  to  plus  or 
•tlnus  100,000  pounds  indenendont  of  momenta  in  either  transverse  plane  and 
independent  of  shear  eccentricity. 

Test  Procedure 

Tn  the  spectrum  testing  of  the  panels,  relatively  high -amplitude,  low-cycle 
loadings  were  applied,  by  weans  of  a  hydraulic  jack,  part  of  th~.  hydraulic 
static  loading  oystom  previously  mentioned,  n'i  frequencies  ranging  from  1 
to  200  cycles  per  .minute.  Control  of  thei>a  hydraulic  loadings  was  maintained 
through  a  Weston  Ir-vraj  solenoid  valve  which  in  turn  was  actuated  V  a 
special  cyclic  control  devico  incorporating  a  .iclwitt  Trigger.  This  load 
control  device  consisted  pri  ideally  -.if  a  two-lovol  Yoltago  sensor,  each 
level  of  which  could  be  adjusted  imiejy»ndor'tly  of  the  other  level  to  "tiigger1* 
the  solenoid  valve  whenever  a  paticulcr  voltage,  generated  by  the  previously 
calibrated  load  measuring  transducer,  was  amplified  arwl  fed  into  It.  And, 
since  the  jndLncinlo  function  of  a:y  electrical  strain  gago  typo  of  trans¬ 
ducer  is  to  generate  &  voltage  proportional  to  the  loud  which  ie  being 
applied  to  it,  it  was  simply  a  ease  of  manually  selecting  the  upper  and . 
lower  load  lovela  and  then  allowing  the  hydraulics  Jack  to  cvole  back  and 
forth  betwoon  theso  points. 


Loser  amplitude,  hi -cycle  loadings  (dynamic)  w.-ro  applied  at  approximately 
1,2W  cycles  por  minute  by  moans  of  t.h*  rotating  eccentric  weight  shown 
In  Figure  1*U*  Thabo  loads  wore  manually  selected  by  moar<s  of  a  hand- 
operated  vart-drive  coupled  to  the  eccentric  shaft.  Loads  wore  visually 
controlled  through  a  calibrated  dynamic  .strain  indicator  which,  ns  in  the. 
ease  of  the  cyclic  load  control  device  previously  doscrlbnd,  v/ur»  used  to 
determine  indirectly  the  actual  load  being  felt  by  the  load  transducer. 
Calibration  of  this  strain  indicator  was  made  at  the  beginning  of  each 
work  day  using  a  calibration  box  which  has  previously  been  calibrated 
against  known  loads  applied  directly  to  the  transducer  iri  a  Rnldwin- 
Southvrark  universal  teat  mao hi no  at  the  Lockheed  Physical  Tost  Laboratory. 


For  both  types  of  loadings,  hydraulic  arid  dynamic,  loads  were  selected  that 
would  give  the  regain'd  stroas  levols  shown  in  Figures.  179  through  181*  at 
the  minimum  cross  section  of  thu  panel  assemblies.  Phis  minimum  cross 
section  w,-)3  always  near  tho  center  section  of  one  of  the  two  panel  sections 
comprising  the  panel  assembly. 


As  an  additional  chock  on  tho  accuracy  of  the  applied  loadings,  stresses  at 
«inlim»m  cross  section  of  tho  panda  were  measured  independently  (both 
statically  and  dynamically)  through  pairs  of  strain  gages  installed  on  tho 
stringers  and  on  the  skin  at  those  areas.  These  strain  surveys  showed  tho 
stresses  at  the  minimum  ureas  to  bo  rdthin  plus  or  "linue  ?.%  of  the  required 
axial  stressed  as  determined  by  measured  loads  at  tho  transducer. 

Tost  Results 


Panel  No,  1  was  loaded  statically  in  tho  aforementioned  fatigue  machine  and 
after  3'JO  applications  of  the  basic  air  loading  spectrum  had  failed  to 
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produce  ary  evidence  of  fatigue  cracking  (Table  98).  Careful  inspection 
of  this  panel,  prior  to  ti.e  static  test,  was  made  after  the  panel  had 
been  disassembled.  The  panel  was  then  reassembled,  using  new  Hi-Lok  fasteners 
after  it  was  determined  that  the  only  visible  fatigue  “damage*  consisted  of 
minor  fretting  at  the  faying  surfaces  within  the  joint  area  (Figure  371). 

The  static  tension  load  was  applied  at  a  steady  rate  of  500  pounds  per  second 
until  failure.  Failure  occurred  at  66,000  pounds  (giving  an  ultimate  tensile 
stress  of  80,950  psi  across  the  minimum  cross  section  of  the  smaller  of  the 
two  panel  sections)  ar.d  consisted  of  the  fracture  of  both  the  tee  and  of  one  of 
the  panel  sections  at  the  joint  (Figure  171). 

The  regaining  lit  panels  were  spectrum  tested  to  failure  -  Panels  2  through  6  to 
a  spectrum  of  air  loads  representing  amplifications  of  the  basic  spectrum  used 
in  the  spectrum  test  of  ranel  No.  1  (Figure  179  through  181);  Panels  7  through 
9  to  a  single  maneuver  loading  spectrum  (Figure  182);  Panels  10  aid  13  to  a 
composite  spectrum  representing  gust,  ground-to-air,  and  ground  loadings  (Figure 
183  5  and  Panels  1I|  and  15  to  a  composite  spectrum  of  ground,  ground-to-air,  and 
maneuver  loadings  (Figure  18U  ). 

With  the  exception  of  Panels  7  through  9,  ail  spectrum  loadings  wera  applied  ana 
block  at  a  time,  with  die  vriallest  loads  being  applied  first. 

In  the  case  of  x’anal  No.  7,  the  first  230  blocks  were  applied  one  at  a  time; 
however,  the  last  seventy  were  applied  ten  blocks  at  a  time. 

For  Panels  8  and  9,  the  blocks  were  applied  ten  at  a  time  from  the  beginning  of 
the  testing,  and,  in  addition,  the  lowest  load  level  wa3  omitted  from  the  spectrum. 

For  Panel  No.  9>  the  next  two  lowest  load  levels  were  dropped  at  the  end  of 
500  olock3. 

Panels  11  and  12  are  not  reported  since  both  panels  failed  in  compression  because 
of  a  failure  in  the  lydraulic  loading  system  of  the  fatigue  testing  machine. 

The  mechanical  properties  of  the  joint  material  are  given  in  Table  97  .  Spectral 
test  results  fox'  minimum  gross  ax'eu  stresses  arc*- presented  in  Tables  9?  to  10J* 
and  Figures  179  to  18U  .  The  stress  conversion  factors  in  Table  1C5  were  used 
convert  the  panel  stresses  for  minimum  gross  area  into  stresses  for  gross  area 
at  point  of  fract  re  in  Tables  lf)6  to  1051 

The  results  of  these  spectral  fatigue  tests  arc  analysed  on  the  basis  of  stresses 
for  both  minimum  gross  area  and  gross  area  at  point  of  fracture,  and  compared  in 
Section  V  of  the  main  body  of  this  report. 


TABLE  97 


MECHANICAL  PROPERTIES  OF  JOrNT  MATERIAL 


Coupon  Ultimate  (KSI)  Hold  (KSI)  %  Elong.*  Rod.  Area  % 


A.  Integral! y  Stiffened  Panel  Coupons  Longitudinal  Grain 


E-l 

87.6 

79.k 

9 

16 

E-2 

92.3 

8li.2 

9 

16 

n 

93.0 

8!i.9 

9 

Hi 

90.1 

8lJt 

10 

15 

E-Z 

88.6 

80.2 

10 

15 

E-6 

90.5 

82.6 

9 

16 

Aver. 

ToTlT  ' 

82.1 

9.3  : 

Spec. 

QQ-A-277 

80 

72 

7 

B.  Splico  Plate  Coupons 


Trarurvertte  Grain 

s-l 

7li.7 

63.1 

12 

S-2 

71.5 

59.6 

12 

s-3 

73.2 

61.6 

12 

S-4* 

7li.5 

62.9 

10 

s-5 

72  .U 

6i.O 

11 

s-6 

73.8 

62.0 

12 

s-7 

72.2 

60.7 

12 

S-8 

75.6 

6lu3 

11 

Aver. 

Spec. 

?3.r 

61.9 

ii.T 

QQ-A-287 

73 

63 

c. 

Splico  Teo-Soction  Coupons 

Transverse  Groin 

** 

T-l 

7U.1 

73.3 

r.o.o.L. 

T-2 

7U.6 

73.8 

F.O.G.L. 

T-3 

83.2 

73  .U 

Ill 

T-U 

7  6.3 

72.9 

F.O.G.L. 

T-5 

I3U.0 

73.8 

12 

T~6 

83.7 

75.6 

111 

T-7 

83.1 

72.7 

Hi 

T-8 

83.7 

73.7 

F  »0«G»L« 

Aver  . 

80,3 

73. 7 " 

"  13.$ 

Spec.  QQ-A-277 

75 

65 

*  Xw  Gage  f-ongtta 
**  0*5"  Gat?,e  Length. 

F.O.G.L.  -  Foiled  Outside  Cage  3 

i 


ASD  TR  61  -  i*3U 


Ul2 


All  stresses  are  these  experienced  at  the  cxtiss  section  of  the  panel  assembly 

(Fig.  U,  Sec.  B-fi). 

Photographs,  shown  in  Figs. 171  thru  174 were  selected  as  representative  of  the  various 
types  of  fatigue  failures  incurred. 
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Figuro  171'  Panel  Assembly  No;  1,  Pulled  Statically.  Fretting 
at  liio  faying  wurfacea  (arrows)  was  caused  by 
previous,  low-cnplituda  cycling. 
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Figure  172  Panel  Asoeinbly  No.  9.  Fatigue  failure  of  a  panel 

sii  holes  showed  evidence 
°‘  ^tigue  cracking.  Note  beach  oi«rk»  (arrcw-n) 
m  tho  enlarged  cross  section. 
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figure  173  Panol  Assembly  No.  2.  Fatigue  failure  of  the.  tee 

(«ntsf)  between  lookbolt  holes  and  the  fillet  radius. 


'0  4JVI4 

Figure  171*  Cross  section  of  tho  too  shown  above.  Multiple  fatigue 
failures  (bright  semi-circular  areas)  coincide  with 
ecrutchoa  on  the  upper  surface  of  lh«  tee. 
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Figaro  .17$  Panel  Aaoenbly  No.-  It.  Fatigue  ^allure  in  a  panel 

section  near  the  intorcootion  of  n  stringer  run-out 
and  a  fillet  radius. 


Figure  176  Two  arose  Mention  riewn  of  tho  fatigue  crack  ahown 
in  the  a'oove  photograph. 
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Figure  177  Panel  Assembly  No,  8.  Fatigue  failures  in  the  tee 
section,  C racks  originated  at  the  odgoa  of  the  two 
outside  lockbolt  holes* 


10  SIIR 

Figure  178  Croon  soctlon  of  the  failed  tee  shown  in  U.*  above 
photograph.  Note  bench  marks  (arrows). 
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TABLE  99 


OUST  LOADING  HISTORY 
LO-HI  LOADING  SEQUENCE 
PANEL  NO,  1 
*Wan  *  12,000  psi 


Varying  Stress 

(pal)  * 


1 

2 


Simple  Frequency 
(oyelea) 


1,?50,000 

1,225,000 


3 

1,155,000 

k 

617,500 

5 

1*02,500 

6 

210,000 

7 

126,000 

8 

It7, 250 

* 

21,000 

10 

!  8,050 

11 

3,500 

12 

V50 

13 

1,050 

lit 

700 

15 

350 

16 

175 

17 

115 

18 

35 

18,3 

35 

nm  crvis  sectional  area. 

A  50  TH  61  -  1,31, 


U2  0 


TABLE  100 

GUST  I/5ADIN0  HISTORY  -  ID-IH  LOADING  SEQUENCE 


L  ?AUELL  llAjsE 

l  PANEL  NO.  3 

7arying 
Stress 
(pel)  * 

Simp la 
Frequency 

Cycloa 

Varying 
Stress 
(psi)  «■ 

Simple 

Frequency 

Cycles 

^mean  “  2 

3,1*1*8  pal 

fmean  *  23,hQC  pal 

1,9SU 

2GO,OOv 

1,951 

260,000 

3,^a 

182,000 

3,901 

5,662 

171,600 

5,852 

7,616 

9 6,200 

7,803 

96,200 

9,770 

59,000 

9,753 

11,721* 

31,200 

n,70U 

31,200 

13,676 

18,720 

13.65U 

18,720 

15,63? 

7,020 

15,605 

7,020 

17,566 

3,120 

17,556 

3,120 

15,5)iO 

1,196 

19,506 

1,196 

21,1*91* 

520 

21,1*58 

520 

23,1*18  • 

260  ‘ 

23,1*0? 

260 

25,1*02 

156 

25,358 

156 

27,357 

10!* 

27,309 

10U 

.  29,311 

52 

29,260 

52 

31,265 

27 

31,211 

27 

33,219 

17 

33,162 

17 

.  35,173 

6 

35,112 

6 

35,759 

6 

35,697 

6 

No  Failure  - 

Loads  Increased 

Mo  Failure  - 

Loads  Increa 

fmoan  *  30,660  psl 

fmBsn  “  30,6lO  pal 

2,555 

15,000 

2,550 

5,110 

10,500 

5,101 

31,500 

7,666 

9,900 

7,653 

29,700 

10,221 

5,550 

10,201* 

16,650 

12,776 

3,1*50 

12,755 

10,350 

15,331 

1,800 

15,305 

17,68i 

1,080 

17,857 

3,210 

20,Uii 

1*05 

20,1*0? 

1,215 

22,991 

1)*7 

22,957 

5?*o 

25,552 

1*6 

25,508 

2C7 

28,109 

20 

28,061 

90 

30,662 

10 

30,60? 

1*5 

33,219 

6 

33,162 

27 

35,77i* 

h 

35,713 

13 

38,329 

2 

9 

2 

5 

U3,UUo 

1 

1*3,365 

3 

1*5,995 

0 

1*5,915 

1 

U6,762 

0 

1*6,681 

1 

^Minimum  crons  sectional  area. 
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TABLE  101 


GUST  LOADING  DISTORT 
IO-HI  LOADING  SEQUENCE 

Test  Group  So*  083 


’Vinlttun  cross  soctj.onal  area. 


TABLE  102 


FIGHTER  MANEUVER  LOADING  HISTORIES 
Ifl-HI  LOADING  SBSJEWCE 
Test  Group  No.  KL7 


PANEL 

0.  7 

PANEL  NO.  8  ! 

PANEL  NO*  9 

Maximum 

Simplo 

Maximum 

Simple 

Maximum 

Sir 

Stress 

Frequency 

Stress 

Frequency 

Stress 

Frcq\ 

(pal)  * 

(Cycles! 

(pal)  * 

(Cycles) 

(pal)  * 

(Cyc 

Minimum 

Stress 

*  7,665  psi 

Minimum 

Stress 

-  7,601  pal 

Minimum 

Stress 

-  7  ,t 

13,606 

13,181 

13,320 

80, 

19,363 

70,500 

18,759 

no,£i50 

18,957 

117, 

25,323 

52,500 

2li,338 

82,250 

2li,59S 

1 

30,062 

1 

29,917 

58,750 

30,23b 

75, 

36,61a 

25,500 

35,1*97 

39,950 

35,872 

51  j 

1x2,399 

hi,  075 

26,320 

ia,509 

33  j 

1x6,156 

t6,o5li 

13,630 

1x7,317 

17, 

£3,917 

3,900 

52,233 

6,110 

52,786 

7; 

59,675 

l,f:50 

57,611 

2,350 

50,1x23 

2 

65,1x311 

506 

63,331 

810 

6Jj,06l 

1 

6C,3Ht 

90 

66,181 

i!A 

66,051 

^Minimum  croaa  sectional  am, 
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TABLE  103 

COMPOSITE  IjOADING  HISTORIES 
UUST  LOADINGS  IN  FLIGHT  -  LO-iH  LOADING  SEQUENCE 


PANEL  NO.  10 


Teat  Group  No.  C05 


PANEL  NO.  13 


drying  ~J  3$MpT© 
traas  Fx’-aquencj 


Stroas 
(pal)  * 


r&quency 
(Cycle a) 


-  26,#0  psl 


Oust  Loadings 


2,208 

*4,206 

6,626 

8,83li 

n,oU2 

13,25» 

15,>*5? 

17,667 

19,076 

22,061a 

2t»,292 

26,500 

28,708 

30,?16 

33,126 

35,33U 

37,5ii2 

39,750 

1*0,1*13 


123,750 
86,535 
80,190 
1*1*, 955 
28,9*55 
16,200 
9,700 
3,650 
1,620 
621 
270 
135 
81 
51* 
29 
1U 
8 
3 
3 


2,220 

U>li39 

6,660 

3,680 

11,099 

13,319 

15,5140 

17,759 

19,979 

22,199 

2U,Ul8 

26,638 

28,858 

31,077 

33,298 

35,518 

37,737 

39,9 

lo,62l, 


26;  BOO  pal 

16.5,000 

115,380 

106,920 

59,91(0 

37,260 

19,1(110 

11,661* 

5,103 

1,620 

621 

270 

135 

81 

5U 

27 

lU 

8 


Ground  Loadings 


Anaan  "  “6,6.30  pai 

2,208  110,250 

l*,l*l6  61,200 

6,626  25,200 

8,83b  10,080 

n,ali2  2,150 

13,250  L5o 

15,U59  120 

17,667  5U 

19,876  29 

22*081,  6 

2li,29?  1 

2li,591  1 

0 round  to  Air 

fmo*m  "  P»i  j| 

16,561  J _ 32,500 _ £ 

*Minisam  croaa  sectional  area. 


fmonn  ■  -6,660  pai 


2,220 
U»3? 
6,660 
8,B80 
11,099 
13,319 
15,510 
17,759 
19,979 
22,199 
21*, 1*18 
2U,7l*8 
Cycloa 

^rwnn  “ 
16,61.7 


110,250 

61,200 

25,200 

10,000 

2,150 

K50 

120 

5U 

28 

6 

1 

1 

10,000  pai 
I  32^500 
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TABLE  lOJi 


PANEL  NO.  II* 
Dynamic  1  SiTfpie 
Stress  Frequency 

(psi)  *  (Cycles' 


COMPOSITE  LOADING  HISTORIES 
FIGHTER  MANEUVER  LOADINGS  IN  FLIGHT 

ld-ht  wmm  sbqttencs 

■  _ Tost  Group  No  .CM2 _ 

lii  TT "  ti iVm*- 


PANEL  N5.  '15 
'Synamic  333^ 

Stress  Frequency 

(psl)  *  (Cycles) 


Maximum  [ 

Stress  {  I 

Maneuver 

KJrdiAm  Stress  ■  7,725  psi 


Loadings 


Minimum  Stress  ■  7,875  psi 


13/172 
19;032 
2)4,6? 2 

30,353 

36,013 

!a..672 

U7‘,333 

52,993 

53,653 

6U,313 

67,U4U 

Varying 

Stress 


2h,50O 

*tr/o 
<»v  f  r  JJ 

18,500 

15/5C 

9,2*0 

5,750 

2|500 

2,000 

661 

132 

28 


13,629 
19,397 
25,166 
30,935 
36,7 Oh 
’t2,U71 
qe,2 hi 
5)4,010 
59,778 
65,5147 
63,h32 


fmaa n  "  -6,650  psi 


Ground  loadings 


2,216 
Uth32 
6,61t8 
8,861* 
11,080 
13,296 
15,513 
17,728 
19, 9UU 
22,160 
2)4,376 
2U,75o 


61,250 

3ll,000 

1)4,000 

5,600 

1,075 

225 

60 

27 

Ul 

3 

1 

0 


2,258 

а, 5i7 

б, 776 
9,031i 

.11,293 
13,551 
15,810 
18,068 
20,327 
22,585 
21*,  81*3 
25,179 


froQ,in  “  W*2  P3i 
7,280  I  3,325 


Ground  to  A*r  Cycles 


^Minimum  cross  sectional 


I4I4/IOO 

37.350 
33,300 
27,U50 
16,650 

10.350 
14,500 
3,600 
l,!iS5 

228 

56 


-6,780  psi 

110,250 

61,200 

25,200 

10,080 

1,935 

li05 

108 

U9 

26 

5 

1 

l 

li£>  psi 
I  5,980 
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Gust  Loading  Speftrum 
Lo-Hi  Loading  Seauenc 
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Cumulative  Load  Cycle  Occurrences 


WJ, 


Fighter  Loading  Spectrum 
L>-Ht  Loading  Sequence 


Cumulative  Load  Cycle.  Occurrences 
rure  132.  Ordered  Test  Loading  History 


Cycle  Occurrences 

isposlte  Gust  Loading  Test  Histories 


jrolatiY®  Load  Cycle  Occurrences 

red  Conposite  Maneuver  Loading  Test  Histories 


TABLE  105 


ii! 


FACTORS  USED  TO  CONVERT  PANEL  STRESSES  FOR  iLDHUaH 
GROSS  AREA  INTO  STRESSES  FOR  CROSS  AREA  AT  POINTT  OF  FRACTURE 


Panel 

Ho. 

Minimum 

Gross 

Area 

(in.8) 

'  Point" 
of 

Fracture 

Aroa 

of 

Too 

(in.*) 

Area 

ef 

Splice 

Plate 

(in.8) 

Fractured 

Grora 

Area 

(la.8) 

Stress 

Conv«rsic*n 

Factors 

U) 

2 

.6137 

Tee 

.7892 

1.232 

.2021^ 2 ^ 

.U03 

3 

.8151 

Tea 

*78614 

1.236 

2.022*2* 

.U03 

Stringer 

Run-out 

1.7l*2(3* 

.1168 

U 

.6168 

Stri ngor 
Run-out 

1.5*43t3) 

.529 

5 

.820U 

Too 

.706? 

1.226 

2.013*2* 

.1(08 

6 

.0332 

Penal  at 
Joint 

1.6)49 

.505 

7 

.0197 

Panel  at 
Joint 

1.615 

.508 

a 

.0)462 

Too 

.7892 

1.223 

2.017*23 

.1x20 

9 

.0373 

Panel  at 
Joint 

1.580 

.530 

10 

.8369 

Panel  at 
Joint 

1.6)48 

.500 

13 

.3326 

Stringer 

Run-out 

l.TA^ 

Ux 

Mo 

Too 

.7866 

1.235 

2.022*2* 

.102 

15 

.0178 

Panol  at 
Joint 

I.6I4O 

.1x99 

1.  Stress  conversion  factor  is  the  ratio  of  minimum 
geo  so  avea  to  Araoture.d  gross  area. 

2.  To  till  ai’ a  a  for  too  and  eplico  plute. 

3.  ElTeativo  area  of  panol  and  stringer  in  vicinity 
of  stringer  run-out  at  Joint,* 
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GROSS  AR-A 

STRESS  SPECTRA  IN  VlCIWir.'  OK 

KHACTURS  IN  PANEL  10  AT  JOINT 

AND 

PANEL  13  AT  STRINBER  RUN-OUT 

Grtrntr  f&j, 

.  err? 

Panel  10 

Panel  13 

Loading 

Step 

Ksl 

n 

Kir 

n 

Gnat  Loading 

r 

-  13.50  KSI 

r  a 

-  12.56  Ksi 

mean 

mean 

1 

1.12 

123750 

1.03 

165000 

2 

2.28 

66535 

2.06 

115380 

3 

3.37 

00190 

3.09 

106920 

u 

8.8? 

81.955 

8.12 

59980 

$ 

5.61 

28905 

5.15 

37260 

6 

6.73 

.  16200  ■ 

6.ia 

19880 

7 

7.85 

9 700 

7.12 

116&» 

a 

8.97 

3650 

8.28 

510.3 

9 

10.10 

1620 

•  9. 27 

1620 

no 

.  11.20 

6.12 

10.30 

612 

u 

12.30 

270 

11.30 

270 

12 

13.50 

135 

12.80 

135 

13 

18.60 

81 

13.8a 

81 

1 8 

15.70 

58 

18.80 

58 

15 

16.80 

29 

15.50 

27 

16 

17.90 

lit 

16.50 

18 

17 

19..  10 

8 

17.50 

8 

18 

20.20 

3 

18.50 

3 

19 

20.50 

3 

..  18.00 

2 

TESTS'? 

Tsraaff 

or 

_ fmqaj. 

-  3.3?  noi  .. 

-  3."v  aca>. 

20 

1.1? 

MO?50 

1.03 

110250 

21 

2.2k. 

61200 

2.06 

6120C 

22 

3.37 

25200 

3.09 

25200 

23 

li.!<> 

-  «-  10000 

8.12 

10080 

28 

5.16 

2150 

5.15 

2150 

25 

6.73 

850 

6.18 

850 

?6 

7,85 

.20 

7.21  . 

120 

27 

8.97 

58 

a.  28 

58 

2fl 

.10,10 

2? 

9.2? 

2fl 

29 

j.1,20 

6 

i.0.30 

6 

30 

12. 3f 

l 

11.30 

1 

31 

17.50 

1 

li.So 

1 

T?o^uI 

. . . _ . . 

2^85 

''round- A 

ir-G round  Loading 

«  "5.05  KSI 

iv 

1u6F  rax . 

..  mo'.. 

_ _ _ _  _ _ — 

32 

ill 

77500 

7.72 

32*;oo 

fti'fA'L  . '  .  "•  -  ~;{miG[i- . . .  .  *  757582  “ 
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TABLE  no 

Gl>OSS  AREA  STRESS  SPECTRA  IN  VICIRITT  OP  FRACTURE  IN  PAN  HI*  ill 
AT  TEE  AND  IN  PAWL  1$  AT  JOINT 


Teat  Group  No.  CK2 

Panel  Hi 

Panel  15 

fr 

n 

n 

KSI 

ESI 

FfpSlar  maneuver  Loading 

*min 

■  3.18  KSI 

f  - 

‘>dn  '  _ 

3.93  KSI 

1.16 

2il500 

l.fcN 

fcillOO 

2.33 

20750 

2.57 

37350 

3.50 

18500 

Ii.3l 

33300 

1*.66 

15250 

5.13 

27ll50 

5.83 

9250 

7.19 

16650 

6.99 

5750 

8.63 

10350 

8.16 

2500 

10.10 

a500 

9.33 

2000 

n.?a 

?600 

10.50 

661 

12.90 

Hi85 

11.70 

U2 

Hi.lO 

228 

12.20 

28 

15.10 

56 

~S$9?pX 

"ITUfloS? 

2.71;  KSI 


3.38  KSI 


'Srounci-Ai  rltirourfcT  Loaox 
.18  KSI  . .  ' 


5.391*309 
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REPORT  MAS  BEEN  DELIMITED 
v. CARED  FOR  PUBLIC  RELgAEE 

'£»  IK'D  DIRECT, VE  5200,20  AND 

*£ STRICT  JONS  ARE  IMPOSED  UPON 
-SC  AND  DISCLOSURE. 

T-iBUT  JON  STATEMENT  A 


ROVED  POP  PUBLIC  RELEASE , 
TRI8JTiON  UNLIMITED 


